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ABSTRACT
Organic solar cells have been lately attracting much attention due to Tang’s
technological breakthrough in organic solar cell construction [1]. In such
devices efficiencies of over 8% have been achieved nowadays [2]. Due to
such promising efficiencies, organic solar cells are being considered as a po-
tential low-cost alternative to standard inorganic cells. It is expected that
with the development of large-scale production methods the production cost
benchmark of 1e per Watt peak will be undercut. In addition, their compet-
itiveness in the solar cell market is strongly enhanced by the use of flexible
substrates, which offers a wide range of possible novel applications.
Such substrates can be coated with carbon nanotube (CNT), which are be-
ing advocated as materials for interdigitated heterojunctions structure that
would make organic solar cells to have high-performance. In view of this,
this thesis reports a study that investigated the electrical roles of carbon
nanotubes (CNTs) in organic solar cells in a novel inverted interdigitated
structure using vertically aligned carbon nanotubes. The basis for use of
CNT lies in the basic principle of energy conversion in solar cell devices,
which involves the separation of photogenerated charges at an interface be-
tween electron donor and acceptor materials. In most cases, this imposes
some constraints on the photoactive layer of the cells. Thus, to improve the
active layer morphology and cell efficiency, anisotropic nanoparticles, the
CNT can be incorporated to facilitate charge transport to the electrodes.
First prototypes of organic solar cells with this inverted interdigitated struc-
ture using a vertically aligned carbon nanotube (va-CNT) array have been
produced. These devices give the proof of the working principle of this solar
cell structure. Other solar cell structures including a blend of donor-acceptor
materials and randomly dispersed CNTs have been studied as well. Their
performances were characterized and an increase of photocurrent was ob-
served for these devices compared to devices without CNTs.
This thesis is divided into 4 parts: firstly the chapters Introduction and
Fundamentals deal with the fundamental functioning and characteristics of
organic solar cells and the used materials, as well as the correlation between
irradiation, internal charge transfer mechanisms and resulting efficiency. Sec-
ondly, the chapters Materials, Solution processed organic solar cells, and Car-
bon nanotube processing deal with the technological implementation of the
pursued cell architectures including all steps of manufacturing. In the third
part, the chapters Carbon nanotube solar cells and Vertically aligned carbon
IV Abstract
nanotube solar cells deal with the quality and properties of the produced
dispersions, layers, semi-finished products and devices in detail. Finally, in
the chapter Conclusions the results are discussed, conclusions drawn and an
outlook given.
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1. INTRODUCTION
1.1 Background
Since the beginning of modern civilization, the mankind has been consum-
ing more and more energy as it tries to improve the quality of life. In
recent years, people’s attitude towards the environment and conservation
has changed. Motivated by this social movement, the German government
has defined its policy on energy by the "Energieplan 2050" [3]. This master
plan is based upon the improvement of nine areas, namely: investment in
renewables, general energy efficiency, nuclear power and fossil fuel, grid in-
frastructure improvement, energy efficient construction, mobility via electric
energy, innovation and technology, international energy supply, as well as ac-
ceptance and transparency. Currently, the main used energy resources have
a finite lifetime (uranium, fossils and coal), which need to be replaced by
renewable sources. Although renewable energy resources cannot compete at
the moment with the traditional energy resources in the market because the
former still have low efficiency and their production costs are very high [4].
Nevertheless, the situation is changing due to constantly rising fuel costs and
demand for the conventional energy resources (see Figures 1.1 and 1.2), on
one hand, while on the other hand technology involving renewable resources
is rapidly improving. Some authors have predicted that the costs will be
Fig. 1.1: Development of oil price and electricity. Oil price increased significantly.
Influence of renewable energy to electricity costs is less. Graphs taken
from [5] and [6].
equal within the next two decades, which would allow the renewable energy
resources to be competitive in the market (see Table 1.1) [8]. However, there
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Fig. 1.2: Consumption trend of energy resources in eta joule per year. Image taken
from [7].
is still the need to improve the efficiencies of the different renewable energy
sources. For instance, if alternative technologies like roll-to-roll production
can be applied in the fabrication process of working solar cell devices with
reasonable efficiencies a technological breakthrough will be achieved [9]. In
order to improve cell efficiency and performance further new materials have
to be found and combined in new ways.
1.2 Motivation
Most of the current energy source on earth are limited, whereas sunlight will
shine for the next billion years. The energy resources on earth (including
sunlight) are visualized in Figure 1.3. It clearly shows that the conversion
of sunlight into electric power makes sense because sunlight is the most
abundant but least tapped energy by human beings. Thus, it can easily be
one of the main basic electrical energy resources in the future [10]. However,
the currently used solar energy convertors based on inorganic materials -
conventional silicon solar cells - are expensive and not available to use under
all conditions. Thus, organic solar cells have more potential compared to
conventional silicon solar cells. Their flexibility facilitates low-cost roll-to-
roll fabrication and opens new market directions such as the application of
organic photovoltaics (OPV) in textiles. However, organic solar cells still
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Energy source Power generation
technology
Production Cost Of Energy in US$ Fuel price
sensitivity
Natural gas Gas Turbine 50-60 65-75 70-80 Very high
Oil Combustion
Diesel Engine
100-125 140-165 140-160 Very high
Coal Pulverised Coal
Combustion
40-50 65-80 65-80 Medium
Nuclear Nuclear Fission 50-85 45-80 45-80 Low
Biomass
Solid Biomass 80-195 85-200 85-205 Medium
Biogas 55-215 50-200 50-190 Medium
Wind
On-shore 75-110 55-90 50-85 nil
Off-shore 85-140 65-115 50-95 nil
Hydro
Small 60-185 55-160 50-145 nil
Large 35-145 30-140 30-130 nil
Solar
Photovoltaic 520-880 270-460 170-300 nil
Concentrating
Solar Power
170-250 110-160 100-140 Low
Tab. 1.1: Prediction of energy costs. Data taken from [8].
lag behind the conventional silicon solar cells in terms of efficiently. It is in
view of this, that the work reported in this thesis was motivated. Hence, a
possible route for the improvement of organic solar cell devices, in this case,
the exceptional properties of CNTs are used to enhance the poor charge
carrier transport in the organic layers. The motivation for this work can be
summed up as:
1. Energy demand
2. Sun energy untapped
3. Direct energy conversion of sunlight to electrical energy via photo-
voltaic
4. Improved charge carrier mobility in the organic matrix
The main energy source for the photovoltaic process is the sun. It converts
every day 657 · 106t of hydrogen by the process of fusion into 653 · 106t of
helium. This means, that m = 4 · 106t are converted to photonic energy.
The total amount of energy generated by the sun per day can be calculated
as follows
e = m · c2 = 4 · 109kg ·
(
299792458
m
s
)2
≈ 3, 6 · 106TW, (1.1)
where c is the speed of light. The temperature in the sun, Ti is around
Ti ≈ (8 − 40) · 106K and at the surface Tsurf ≈ 6000K. Figure 1.4 gives
3
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Fig. 1.3: Visualization of energy resources. Image based upon [10].
an impression of the sun’s activity. In comparison to the conventional inor-
ganic solar cells the organic solar cells have one major advantage, they can
be deposited on flexible substrates. This feature enables new and cheap fab-
rication process as well as new application fields. For example, jackets and
tents could perform their normal task of weather protection and simultane-
ously be an energy supply (preferably for recharging than as a generator).
The demand for such materials and their portable energy supply is expected
to increase as people acquire more and more mobile gadgets, which consume
electrical energy, such as mobile phones, mp3 players, notebooks etc. The
market for such textiles is found in the field of outdoor pursuits (civil sector)
with an expected sales volume in 2-3-digit million e range [12].
In the past, several approaches have been investigated in order to enhance
device properties and cell life-time. The recently achieved state of the art
is given in Figure 1.5. Currently, conventional solar cells are fabricated by
using inorganic materials like silicon or Cu(In,Ga)Se2 (CIGS). No inorganic
solar cell can be fabricated on flexible substrates like organic solar cells.
Moreover, organic solar cells work with higher efficiency with diffuse light
and for higher temperatures than inorganic ones [13]. This yield higher av-
erage daily electrical energy output, which make organic solar cells more
profitable. However, organic solar cells are in the process of being intro-
duced into the market. The first photo effect in an organic crystal was
found in 1906 by Pochettino [14] in anthracene. Anthracene has since then
become the most investigated organic molecular material. Modern organic
solar cells use fullerenes and their derivatives with a dye serving as the ac-
tive layer in which radiation is transformed into electric current. Different
architectural approaches have been investigated and are introduced in the
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Fig. 1.4: H-alpha image of the sun. Image taken from [11].
following subsection.
1.2.1 Overview of organic solar cell architectures
In order to improve the device efficiency the material combination, layer
thicknesses, minimization of surface dipole formation and the architecture
itself have attracted much attention [15]. The latter route was considered
in order to increase the efficiency of the dissociation process. Motivated to
enable exciton dissociation within the whole active matrix a new structure
was innovated: the bulk heterojunction [16]. However, the charge carrier
mobility is relatively low for organic materials [17]. An ordered bulk het-
erojunction concept is supposed to solve this problem. Ideally, the ordered
structure is built with excellent conductive materials. The studied ordered
structure in this thesis is a va-CNT array (see Figure 1.9) synthesized on
a conductive substrate. Figure 1.6 gives an overview of the different device
types of organic solar cells.
Mono junction (Schottky) solar cell
In this architecture, the exciton dissociation takes place at the metal-organic
interface. It was first investigated by [19] in 1979. This architecture is the
simplest design with efficiencies around η=0,1%. The organic-metal contact
is the active interface where the exciton dissociation occurs. However, ex-
citon quenching also takes place at the metal contact. In order to achieve
further improvements the exciton dissociation has to be improved. This was
achieved by using a better combination of materials.
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Fig. 1.5: State of the art in photovoltaic research. Image taken from [2].
Bi-layer or heterojunction solar cell
This design consists of two different types of organic materials, a donor and
an acceptor. It was first introduced by [1] in 1986. The band shift in such
a device occurs at the donor-acceptor interface. If the molecular orbital
energies are matched appropriately, the electrochemical potential difference
at the interface is responsible for an ultra-fast charge separation process.
This was described for the first time in 1994 by [20]. Additionally, the inner
electric field superposition at the interface enhances the charge separation
there, making the dissociation almost perfect. The efficiency is, however,
still limited by the factors of light penetration depth (50nm-200nm) and
exciton diffusion length (up to 10nm) [21]. Therefore, the distance between
the donor and acceptor should be decreased, in order to decrease exciton
recombination, which results in an increase of the incident photon to current
conversion efficiency.
Organic p-i-n solar cells
This architecture suppresses exciton quenching in the intrinsic active layer
with the help of two doped layers. The intrinsic layer is sandwiched between
a p-doped layer on the cathode side and a n-doped layer on the anode side.
These doped layers built up an electric field. This field suppresses exciton
quenching. In inorganic solar cells minority charge carrier recombination at
the outer electrodes are suppressed in the same way with the help of a back-
surface-field. A further advantage of such an architecture is the possibility
that it can be optical optimised so that the light intensity maximum can be
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Fig. 1.6: Schemes of the architectures of the four main types of organic solar cells:
a) the Schottky solar cells. The exciton dissociation takes place at the
interface of dye and metal electrode. b) heterojunction solar cell. The
combination of two organic semiconductors as a donor-acceptor material
combination enables an ultra-fast charge transfer at their interface, which
results in higher efficiencies. c) organic p-i-n solar cell. In between the
two different doped materials, an intrinsic dye layer acts as both absorber
and optical spacer layer. d) bulk-heterojunction solar cell. The donor and
acceptor are mixed together in a blend. The exciton dissociation takes
place in the whole organic blend layer, resulting in high device efficiencies.
Images taken from and inspired by [18].
placed at the donor-acceptor interface [22].
Bulk-heterojunction (interpenetrating network) solar cell
One of the easiest ways to decrease the distance between donor and acceptor
molecules is to mix them within one active layer. This can be done either
via thermal evaporation of both at the same time or by dissolving them
both in a solvent and, subsequently, spin coating them onto a substrate.
Ideally, no exciton diffusion is necessary and the dissociation is complete.
The generated charge carriers hop to the outer electrodes through percola-
tion pathways, which is the limiting factor. One of the first devices of this
architecture was built in 1995 by [23].
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1.3 Objectives of this work
Several approaches to enhance the device efficiency have been presented
above, however, the list excluded attempts that were made to realize an
optimized bulk-heterojunction solar cell (BHJ-SC). A further optimization
step is to bring some organisation to the randomly distributed materials
in the interpenetrating network of a bulk-heterojunction (BHJ). This is
expected to ensure that every single exciton can be dissociated and the free
charge carriers (electrons and holes) can be collected at the outer electrodes.
Therefore, a way to control the different distances (firstly the distance of the
donor-acceptor interface for excitons and secondly the distance for the free
charge carriers to the electrodes) responsible for device efficiency has to be
found. The main idea in this work is to keep the distances constant in an
active layer consisting of an adequate choice of donor and acceptor material.
In addition, this layer structure could be vertically aligned relative to the
incident light. Such an approach has been investigated and the pertinent
technology developed for the fabrication of the first prototypes of this type.
Donor material
For the donor material, the common materials like copper(II) phthalocya-
nine (CuPc) (and its derivatives) and regioregular-poly(3-hexylthiophen-2,5-
diyl) (P3HT) were chosen. In contrast to P3HT the exposure to oxygen does
not degrade CuPc in its β-form but rather acts as a p-dopant, which is ad-
vantageous for this application as hole transport is enhanced. P3HT has to
be kept under an inert gas in order to protect it against oxidation; therefore,
all work with P3HT has been done in a glove box. CuPc is classified as a
small molecule and P3HT is a polymer; they are shown in Figure 1.7.
Fig. 1.7: Donor materials used in this study. a) regioregular poly(3-hexylthiophene-
2,5-diyl) (P3HT). b) copper phthalocyanine (CuPc). Images taken from
[24] and [25].
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Acceptor material
CNTs are used as electrode and possible acceptor material due to their ex-
ceptional electrical properties, see [26], [27]. They have endured the highest
current density (S = 1 · 109 Acm2 ) ever measured in a material [28]. Moreover,
one dimensional ballistic transport takes place in a metallic CNTs (within
10µm-100µm CNT length) [29]. With diameters in the nanometre range
and a length of several microns CNTs have a large aspect ratio. The CNT
is a molecule formed only from carbon atoms and sp2-hybrid bonds. This
forces the pz orbital to be perpendicular to the CNT surface. These orbitals
overlap with their neighbours, which leads to a conduction path through-
out the whole molecule. This is called a π-system. In addition to CNTs,
fullerenes like the buckminsterfullerene (C60) and its derivative the phenyl-
C61-butyric acid methyl ester (PCBM) have also been used. Fullerenes are
the most common acceptor material in organic photovoltaics. Figure 1.8
shows the structure of a carbon nanotube and the fullerenes. The dissoci-
Fig. 1.8: Overview of the different structures of a) CNT, b) C60 and c) PCBM. For
more details see chapter 3. Images b) and c) taken from [30] and [31].
ated charge carrier can flow to the outer electrode in the π-system of the
CNT.
3D solar cell structure
The combination of CNT, dye and the use of a vertically aligned ordered 3D
structure leads to the following architecture shown in Figure 1.9. By using
this architecture the dissociated charge carriers have the shortest ways to
the outer electrodes. Every CNT is directly connected to the titanium ni-
tride (TiN) layer at the bottom. The TiN is metallic and has a conductivity
of κ = 5, 6 · 106 Sm . This combination forces the CNT to work as the major
electrode and as the possible acceptor for the ultra-fast charge separation at
the donor-acceptor (d-a) interface [20]. The average space between the single
nanotubes is approximately 40nm. As the CNT itself works as one electrode,
the electric field ends at the CNT sidewalls and caps; this reduces the path-
way for an exciton to the d-a interface to around 20nm. This distance is
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Fig. 1.9: 3D structure of an inverse organic solar cell with vertically aligned carbon
nanotubes. The va-CNT array is infiltrated with the dye forming a BHJ.
Absorbed light generates excitons, which are possibly dissociated at the
dye-CNT interface. Free charge carriers either hop (in the dye) or flow in
the pi-system of the CNTs to the outer electrodes. Right: magnification
of CNT-dye interface.
approximately within the exciton diffusion length. The great challenge is
to cover the va-CNT array with a dye layer of homogenously thickness (in
nanometre range) over the whole working device area.
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2. FUNDAMENTALS
In the following the physical working mechanisms of both organic semicon-
ductors and solar cells are explained.
2.1 Organic semiconductors
Organic semiconductors are made of organic hydrocarbon compounds and
their derivatives. Semiconductors are materials, which have a narrow gap
between their valence and conduction band, the so-called band gap. This
band gap plays an important role in the absorption of incident light, which is
necessary for potential solar cell application. A comprehensive introduction
to the field of solar cells can be found in [32] and organic electronics are very
well explained in [33]. Nevertheless, a full understanding of the fundamental
processes involved is still lacking. Neither the precise nature of charge carrier
transport [34]; exciton generation [35], dynamics [36], diffusion [37], or heat
transport [38] are fully understood - especially for π-conjugated (see later)
organic semiconductors. They can be classified according to molecule class
and structure:
• molecule classes
– small molecules (benzene, anthracene,
Aluminium-tris(8-hydroxychinolin) (Alq3))
– polymers (P3HT, Poly(p-phenylene vinylene) (PPV))
• structure
– crystalline
– amorphous
The fabrication of thin layers of small molecules is preferably done by evap-
oration. Polymer layers are normally spin coated. Polymers mainly form
amorphous layers, which is almost always the case with spin coating, if no
additional posttreatment is applied. Small molecules normally form crys-
talline layers. The morphology of spin coated polymer thin films can be
partly changed from amorphous to nanocrystalline by post thermal anneal-
ing. This crystallization process is a consequence of self-assembly forces. If
polymers are blended with other materials in the post deposition thin film,
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the blended materials will de-mix during the thermal annealing process [39].
This yields percolation pathways for charge carriers in each material. In
layers treated in such manner the long chain polymers are normally stacked
together in coplanar conjugated segments [40]. The following parts are based
upon [41] and [42].
2.1.1 Electronic structure
The electronic structure of the molecules and organic crystals can be divided
into the quantum single particle states (electron) and the quantum many-
body states (excitons) consideration. The quantum single particle states
are designated as orbitals of defined energy which can be occupied by an
electron. As every atom interacts with all neighboured atoms, a geometri-
cal equilibrium occurs in form of a crystal or molecule. In order to make
electron-structure calculations some fundamental simplifications have to be
considered:
• electrons move independently from one another, and
• the potentials of the cores and electrons are known.
As a consequence, a molecular orbital (MO) can be calculated and defined.
Quantum mechanics
The quantum state of a particle and how it behaves is described in quantum
mechanics by the wave function Ψ. The linear combination of the wave
function of two neighbouring atoms results in two solutions:
Ψatom1 −Ψatom2 and Ψatom1 +Ψatom2 . (2.1)
These two solutions differ in their energies. The quantum mechanical com-
bination of neighbouring atoms is described by the linear combination of
atomic orbitals (LCAO) model. With the help of the linear combination of
the atomic orbitals the molecular orbitals can be calculated in good approx-
imation. These calculations can be expressed as
Ψmol =
∑
n
cnΨ
atom
n , (2.2)
where c is a constant [43]. The linear combination of the wave function of two
or more neighbouring atoms yields two basic solutions. One is energetically
favourable and the second one is energetically non-favourable. Consequently,
a bonding and anti-bonding orbital are formed, which can be referred to the
ground and excited state, respectively. The more atoms are included the
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more manifoldly the linear combinations of the wave functions. This yields
various energy levels [43]:
En = α+ 2β cos
(
2πn
6
)
, (2.3)
where α is the on-site energy (Coulomb energy) and β is the off-site energy
(exchange energy).
The outer MO can take several discrete energy levels, in general the highest
occupied molecule orbital (HOMO) and the lowest unoccupied molecule or-
bital (LUMO). The HOMO and LUMO are the bonding and anti-bonding
molecular orbitals, respectively. For radicals or ions an open-shell ground
state exists, which results in a single occupied molecular orbital (SOMO).
In order to determine the energy of these orbitals either theoretical calcu-
lations, e.g. using density functional theory (DFT), or measurements like
cyclovoltametry (CV) or ultraviolet photoemission spectroscopy (UPS) can
be done.
From a quantum mechanical point of view a discrete state can be a super-
position of several basic states. This is the fundamental background of the
hybridized orbitals (two states in superposition). Consequently, as molecu-
lar orbitals are spread over the whole molecule, hybridization effects play an
essential role with regard to molecular properties. Under certain framework
conditions this results in delocalized states along the length of the molecule
(the previously mentioned alternating double atom bonds and single atom
bonds along the molecule).
2.1.2 Hybridization of carbon
The electronic shell configuration of carbon is: 1s2, 2s2, 2p2, which means it
needs four electrons left to fulfil the octet rule. For example, starting with
two carbon atoms, every valence electron will have the same energy level.
This means that in order to form a hydro-carbon molecule these two car-
bon atoms have to covalently bond six other hydrogen atoms. This yields
ethane. The bonding orbitals are so-called σ-bonds. If two hydrogen atoms
are absent the two carbon atoms will form a π-bond at the same geometric
place in addition to their σ-bond. These two types of orbitals are of dif-
ferent symmetries and do not hybridize. For planar organic molecules (like
CuPc) as well as in graphene and CNTs this leads to the formation of two
different sets of almost independent molecular orbitals, σ-type and π-type.
The π-type orbitals are formed from out-of-plane pz atomic orbitals and
have a smaller overlap with one another than the orbitals of the σ-system.
Therefore, the π-orbitals are energetically higher than the σ-orbitals. These
form the HOMO orbitals in molecules or valence band in periodic systems.
π-orbitals are more delocalized than σ-orbitals. Thus, the π-orbitals define
electron transport properties of conjugated polymers, graphene and CNTs.
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Figure 2.1 gives an overview of the orbitals. The π-system has the following
Fig. 2.1: a) side view of a sp2-hybridized carbon atom. b) top view of a sp2-
hybridized carbon atom. c) hybridization orbitals of ethene.
characteristics and influences on the molecule:
• every electron is completely delocalized over the entire π-system,
• the HOMO-LUMO gap decreases with increasing size of the π-system,
• big π-systems (chlorophyll, etc.) shift the absorption from the ultravi-
olet to the visible spectra.
2.1.3 Energy levels and excited states
The consideration of energy levels should be divided into two parts - for
the single molecule and for the organic crystal. For the latter energy bands
are formed due to the system (lattice-) periodicity. However, these bands
are quite narrow due to the limited overlap of the molecular orbitals of two
neighbouring molecules. The bandwidth of the energy bands in an organic
crystal is around ∆E ≈ 0.2eV ±0.1eV . On the level of a single molecule the
excited state is formed by an exciton, which consists of a hole on the HOMO-
and an electron on the LUMO-level, also designated as a bound pair. The
excitons themselves can be further divided into ones showing triplet and
singlet characteristics. The lifetime of a triplet exciton is several orders of
magnitude higher than that of a singlet exciton. The exciton energy without
electron-hole interaction can be calculated from the Hückel model as follows
∆E = εr − εa. (2.4)
By taking into account the electron-hole interaction, the excitation energy
can be calculated for singlet and triplet excitons using the Hartree-Fock
model (see [44])
∆E = εr − εa − Ja,r + 2Ka,r (2.5)
∆E = εr − εa − Ja,r, (2.6)
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where Ja,r is the dispersion relation (parabolic in semi-conductor) and 2Ka,r
is the two-body interaction (exciton). Therefore the optical excitation en-
ergy differs from the HOMO-LUMO gap. The excitons in organic crystals
have a binding energy of approximately EExc−bind ≈ 0.5eV . These "quan-
tum many-body states" can be further divided into Frenkel excitons (located
on a single molecule), Wannier-Mott excitons (spread over several molecules)
and charge transfer excitons (distance between hole and electron within the
range of 10nm - 30nm). The orbitals (HOMO, LUMO) are single particle
states whereas the excitons (S0, S1,... and T0, T1,...) are many-body states.
The transition from a ground state to an excited one occurs via a transition
dipole moment (Franck-Condon principle). This is a vector, which is propor-
tional to the overlap of the wave vectors. Its absolute value is proportional to
the probability of transition and its orientation is parallel with the incident
light. Figure 2.2 illustrates these correlations. Due to the molecular interac-
Fig. 2.2: Jablonski diagram. This diagram shows all possible interactions of pho-
tons and excitons with the allowed energy levels and states of an organic
semiconducting molecule. Image taken from [44].
tion in the solid the energy levels of the molecule change in comparison to
the gas phase as shown in Figure 2.3.
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Fig. 2.3: Energy levels in organic materials, where Pe and Ph are the polaron energy
shifts, respectively, Egap−abs., Egap−singl. and Egap−tripl. are the values of
the band gap, band gap compression by singlet excitons and band gab
compression by triplet excitons, respectively. Image inspired by [45].
2.1.4 Charge carrier transport in organic crystals
Strong interatomic interactions in inorganic semiconductor lead to large
bands and small lattice constants (≈ 1Å). Contrastingly, the intermolecular
forces in an organic semiconductor are weak van der Waals (VdW) forces.
Coupled with the weak overlap of atomic orbitals of neighbouring molecules
this leads to very narrow bands in the organic semiconductor bulk with a
bandwidth of around 0.1eV to 0.4eV (the bandwidth in anorganic semicon-
ductors are in the range of 1eV to 2eV) for ideal crystals [44]. This leads to
strongly localized charge carriers, which polarize their neighbourhood. Due
to that fact they are named polarons. The nature of these charge carriers
is explained in detail later. Another influence on the transport mechanics is
the orientation of the single molecules in the crystal (with respect to the crys-
tal axes). The overlap between electronic orbitals of the nearest neighbour
molecules in crystals is a very important factor in this matter. The packing
in molecular crystals strongly influences their intrinsic transport properties.
The largest overlap of π-orbitals occurs for flat molecules packed in parallel
[44]. A crystal with such a layered structure should have good electronic
properties, at least in the plane of the layers. However, the realization of
such a layered structure in organic crystals of acenes is not observed [46].
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As most of the fundamental work was done by making an investigation of
this molecule class, it is worth considering the crystallographic nature of
these crystals. These crystals grow in a herringbone structure (see Figure
2.4), forming both monoclinic (naphthalene and anthracene) and triclinic
(tetracene and pentacene) crystallographic systems [47]. The inversion cen-
Fig. 2.4: Crystal structure (heringbone) of acene crystals: a) naphthalene, b) an-
thracene, c) tetracene. A projection on the a+b direction is given in the
top of a)-c). The projection along the axes of the molecules is given on
the bottom of a)-c). Image taken from [47].
tre of the given molecules is placed in the corners of the unit cell and in the
(1/2, 1/2, 0) point. Between molecular planes of non-equivalent molecules
an angle occurs. This angle α is in the range of 51.1◦-52.3◦ for the different
acenes [48]. Because the angle between the molecular axis and c axes is dif-
ferent for non-equivalent molecules as well. Thus, anisotropy of the charge
carrier properties is to be expected. The better the overlap of the electronic
orbitals of adjacent molecules the better the conductivity. The mobility of
different directions in the plane a-b was measured. The mobility of holes
were approximately 2.9, 3.2, 2.3, 2.20 cm2/V s for directions forming an an-
gle of 0◦, 30◦, 60◦ and 90◦ in each case with b axis. The anisotropy is clearly
determined [48].
Drift
Charge carrier transport is due to the process of directed charge carrier drift
under the application of an electric field. The fundamental equations for the
drift are [44]:
~v = µ~F (2.7)
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~j = σ ~F (2.8)
σ = enµeff (2.9)
~jdiff = −D
(
~∇n
)
(2.10)
D =
kBT
e
µ, (2.11)
where ~v is the drift velocity, µ the mobility, ~F the applied electric field,
~j the current density, σ the conductivity, e the elementary charge, n the
charge carrier density, µeff the effective mobility, jdiff the diffusion current,
D the diffusion constant, ∇n the concentration gradient, kB the Boltzmann
constant and T the temperature. Equation (2.11) describes the fundamental
correlation between drift and diffusion. Excitons do not drift as they are
charge neutral but with (2.11) excitons and charge carriers have jointly one
quantity: the diffusion constant. This, excitons diffuse. However, literature
mostly refers to the mobility µ and not to the diffusion constant.
2.1.5 Covalently bonded crystal
In a covalently bonded crystal the charge carriers stay within a band. This
can be modelled using two approximations [44]
• the charge carrier is spatially fully delocalized (Bloch wave) or
• the charge carrier forms spatially limited wave packets spread over
several lattice constants.
The electric field accelerates the wave packets, on average after the mean
free path has been travelled scattering takes place. Summed over all packets
and scattering events results in there being an average drift velocity.
In an organic crystal another transport mechanism, the so-called "hopping
transport", can occur. This process exists, when the mean free path is
smaller than the lattice constant, which means the band model is not ap-
plicable and the wave packets are strongly localized [44]. In this case the
strong electron-phonon coupling causes small polaron bands and the gain in
energy due to delocalization is very low. Hence, the charge carrier itself (the
electron in the LUMO or the hole in the HOMO of a molecule) can be con-
sidered due to its small size as a molecule polaron or "small polaron". Hence,
a polaron is a charge (electron or hole) plus a polarisation of the neighbour-
hood of the charge due to coulomb interaction with the bulk [44] (see Figure
2.5). In this mechanism a charge carrier (polaron) "sees" a potential bar-
rier to every neighbouring molecule and hopping is the thermally activated
"jump" (tunnelling) of the charge carrier over this barrier. The Boltzmann’s
law gives the correlation between the rate of passing this barrier and the
applied temperature
r = r0e
− Φ
kBT , (2.12)
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Fig. 2.5: Polarons in organic matrix. a) organic crystal without excitation. b)
polaron (hole) attracting the electron cloud of the π-systems of the neigh-
bouring molecules. c) Sketch of polarons in organic matrix. At the donor-
acceptor interface (polymer-fullerene) the exciton is dissociated and be-
comes a geminate pair of polarons (electron and hole polaron). The po-
larons completely dissociate and "hop" in their respective organic semi-
conductor towards the outer electrodes.
where r is the actual rate of hopping, r0 the base rate and Φ is the potential
barrier between two neighbouring molecules. The thermal mobility µ of the
charge carriers is Arrhenius-like and can be considered as
µ = µ0e
− Φ
kBT , (2.13)
where µ0 is the initial mobility. If an electric field is applied, the barriers are
lower in the direction of the electric field, which enables a directed hopping
along the field direction [42]. A realistic mathematical description of the
hopping-mobility in an organic semiconductor is hard to obtain as it is a
very complex phenomena (influence of traps, lattice disorder, etc.). Further
more, the mobility also depends on the applied electric field. Empirically
the following relation is found
µ = µ0e
−
Φ−β
√
F
kBTeff , 1Teff =
1
T − 1T0 , β =
√
e3
pierε0
,
where F is the applied electric field [49]. As equation (2.14) is closely related
to the Pool-Frenkel effect [33], then
j = j0e
−
β
√
F
kBT , (2.14)
where j is the current density and j0 a constant. Equation (2.14) is called
the Pool-Frenkel mobility.
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Another derivation used to define the mobility of charge carriers in organic
materials is the Lyons model [50]. In this model the energy needed to form
equal quantum states on two neighbouring molecules is estimated to be half
of the polaron binding energy
µ ∼ µ0 exp(−2αR) exp
(
− Ebin
2kBT
)
, (2.15)
where µ is the mobility. According to equation (2.15) the mobility of the
charge carriers depends on the temperature. But the mobility increases also
at low temperatures. In order to balance theory and experiment the model
has to be adjusted with a term related to small exchange energies.
In amorphous layers the single molecules are arranged randomly. This causes
a variation in the degree of polarization of each molecule, which also yields
a disorder in the energy states. The distribution of these states can be
modelled with a gaussian distribution [44].
Space charge limited current
Within an organic layer the electrical conductivity can be limited by a space
charge limited current (SCLC) due to different mobilities of electrons and
holes, e.g. CuPc. The mobility of charge carriers can be determined by
the space charge limited I-V characteristics [33]. The general equation for
current I (for unipolar current) caused by an electric field
I = µρfF −Ddρf
dx
, (2.16)
where D = µkBTE is the Einstein diffusion coefficient (see 2.11). As Poisson’s
equation has to be fulfilled
dF
dx
=
ρ
εε0
(2.17)
where ρ is the total charge density. This is the sum of free carriers ρf and
trapped ρt carriers. The free carrier density depends on the total density
as well as on position x: ρf = ρf (ρ, x). The simplest solution of equation
2.16 is given by Mott and Gurney, [51], for the case of no traps and without
diffusion as
I =
8
9
µεε0. (2.18)
This solution gives an estimate for the SCLC. The solutions for when differ-
ent kinds of traps were included were given by Bonham and Jarvis [52]. For
shallow traps and exponentially distributed energy the current is correlated
to the square of the applied voltage U.
I =
8
9
µεε0Θ
U2
L3
, (2.19)
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where Θ is the trapping factor and L the travelled length of the charge
carrier. The constant trapping factor Θ can be expressed as
Θ =
nh
Ht
e
−
Et
kBT , (2.20)
where nh is the density of states, Ht the density of traps and Et its energy.
For a sufficiently large voltage above the trap-filled voltage (above trap-filled
limit (ATFL)) the Fermi level is shifted towards the valence band above the
trap levels. This liberates the charge carriers from the traps. As a result a
rapid increase of the current is observed. Unlike in anorganic semiconductors
the conductivity of organic materials decrease with increasing temperature.
This is caused by the worsening molecule orbital overlap due to the increas-
ing number and magnitude of lattice vibrations with increasing temperature
[44].
2.1.6 Doping and charge carrier generation
The states of charge carriers can be described by their density of states
(DOS), either forming bands or localized states. The DOS in a covalently
bonded organic semiconductor can be seen in Figure 2.6. According to [44]
Fig. 2.6: DOS of anthracene at p=0GPa. Image taken from: K. Hummer, P.
Puschnig, C. Ambrosch-Draxl, Physical Review B, 67, (2003), 184105.
c©(2003) by the American Physical Society, [53].
the electrical conductivity σ is the sum of the concentration of free electrons
(n) and holes (p) multiplied with their mobility (µe and µh respectively).
σ = e (nµe + pµh) . (2.21)
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At T=0K the concentrations are equal (n=p=0) and the semiconductor is
an insulator. The charge carriers are generated by several mechanisms such
as
• thermal generation in an intrinsic semiconductor,
• photogeneration via absorption,
• doping,
• injection at electrodes.
The quantum statistics for a system consisting of N electrons denotes that
the highest occupied energy level at T=0 K is the Fermi level, EF . EF
results from N and the integral of the DOS. The occupation probability for
the energy levels is
f(E) = 1 for E < EF
f(E) = 0 for E > EF .
In an inorganic semiconductor at finite temperature electrons can be excited
into the conduction band thereby also generating holes in the valence band.
According to the neutrality condition (n=p) the charge carrier density can
be expressed for an intrinsic semiconductor as
ni = pi =
√
NcNve
−
Egap
2·kBT , (2.22)
where Nc, Nv are the effective density of states of the conducting and valence
band, respectively, and Egap is the band gap.
The photogeneration of charge carriers, which is based on the absorption
of incident light results in an electron-hole pair. In a covalently bonded
semiconductor a direct band-to-band excitation takes place resulting in pho-
toconductivity. In an organic semiconductor the absorption creates a singlet
or triplet exciton, which can be dissociated on separation of the electron-hole
pair. The dissociation can be described with the Onsager model [44], which
contains the following algorithm
• excitation to a higher excited state,
• partial relaxation from state SN to S1,
• thermally activated formation of charge-transfer states within a ther-
malization radius,
• Brownian movement of charge carriers (thermally activated hopping),
• overcoming of the potential barrier thus yielding free charge carriers.
This model is appropriate for single crystals is a bad fit for polycrystals or
amorphous layers. The extrinsic charge carrier generation takes place at
interfaces, where the generated excitons are dissociated.
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Doping
In principle doping is a controlled contamination of a pure semiconductor
material [42]. In a covalently bonded semiconductor n-doping is realized
with a donor, which donates an electron into the conduction band, and the
positive charged donor stays fixed within the material. For p-doping an
acceptor creates one hole in the valence band by attracting one electron of
the semiconductor bulk and a negative charged acceptor stays fixed in the
lattice. In an organic semiconductor the interaction between the dopant
and the semiconductor involves the HOMO and LUMO energy levels. For
n-doping the HOMO level of the dopant has to be slightly lower than the
LUMO of the semiconductor. Consequently, an electron will hop to the
LUMO of the semiconductor from HOMO level of the subsequently posi-
tively charged dopant. The energetically higher placed orbitals of the donor
are susceptible to oxidation. For p-doping the LUMO of the p-dopant (ac-
ceptor) has to be slightly higher than the HOMO of the semiconductor. This
forces an electron from the HOMO level of the semiconductor to hop to the
LUMO of the dopant and , subsequently, the negatively charged acceptor
will stay fixed. The deep energy levels of the HOMO and LUMO of the
acceptor makes it strongly electronegative [42]. A short overview of the dif-
ferent electronic state configurations of the semiconductor and the dopant
is shown in Figure 2.7. Different doping methods such as
• electrochemical doping,
• oxidation with gas, and
• co-evaporation
can be used to dope an organic semiconductor. Electrochemical doping
yields high conductivities in the doped layer. However, the dopant diffuses
and the doping itself is thermally unstable. The same disadvantages apply
in the case of doping due to oxidation with a gas, e.g. oxygen or chlorine.
Doping through thermal co-evaporation leads to thermal stability [42]. Or-
ganic molecules as well as anorganic materials such as alkali metals (lithium,
caesium, iron chloride etc.) can be used as the dopants with this technique.
However, alkali metals cause problems related to thermal stability and diffu-
sion. Thermal co-evaporation can also be used to fabricate p-i-n heterostruc-
tures [42].
2.2 Semiconductor interfaces
In a semiconductor device several interfaces exist, the most important of
these are the metal-semiconductor or p-n interfaces. In order to obtain a
better understanding band formation is considered to exist in the organic
semiconductor.
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Fig. 2.7: n- and p-doping scheme for an inorganic and organic semiconductor. a)
left: n-doping of inorganic semiconductor. Right: n-doping of organic
semiconductor. The n-dopant transfers an electron from its HOMO level
onto the LUMO level of the organic semiconductor. b) left: p-doping of
a covalently bond inorganic semiconductor. Right: p-doping of organic
semiconductor. The p-dopant transfers an electron from its LUMO level
onto the HOMO level of the organic semiconductor. The temperature has
to be significantly higher than 0K or the charge carrier can not change its
energy level. Image inspired by [42].
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2.2.1 Band scheme and Fermi level
The Fermi level is defined by the Fermi distribution function, which is the
population density at a certain energy E,
f(E) =
1
βe
E−EF
kBT + 1
, (2.23)
where β is a statistically weighting factor (for band states β=0). The temper-
ature dependency results in a "fusing" or "luting" of the Fermi distribution.
The Fermi level is defined to be in the middle of the band gap of an intrin-
sic semiconductor. In a n-doped semiconductor the Fermi level is shifted
upwards towards the conduction band whereas in a p-doped semiconductor
the Fermi level is shifted downwards close to the top of the valence band
[42]. This behaviour is brought together in Figure 2.8.
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Fig. 2.8: Fermi distribution and Fermi level. a) Fermi distribution for different
temperatures. b) Fermi level of an intrinsic semiconductor. c) Fermi level
of an n-doped semiconductor. d) Fermi level of a p-doped semiconductor.
Image inspired by [42].
2.2.2 Metal-semiconductor junction
Before the two materials are connected together the Fermi energies are not
in the same energy level. After the two materials are connected together,
the Fermi levels equalize, resulting in a band bending of both the valence
and conduction bands in the band diagram. This leads to the formation
of a barrier with barrier height Φb, which is responsible for the non-ohmic
behaviour of this junction, known as a Schottky junction. In the band
diagram this barrier is modelled as a bend of the valence and conduction
band. The contact voltage Φc which occurs in the air gap between the metal
and semiconductor before contact, can be measured via a backside contact
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of the two materials, the electric field via Kelvin probe. The contact voltage,
the electric field and the barrier can be expressed as [42]
Φc =
1
e (EF,sc − EF,m) (2.24)
F =
Φc
∆x
(2.25)
Φb = Φm − EA = Φc +Φsc ≈ Φc, (2.26)
where EF,sc and EF,m are the Fermi levels of the semiconductor and the
metal, ∆x the distance, Φm and Φsc the work function of the metal and
semiconductor, respectively, and EA is the electron affinity. The band dia-
grams are shown in Figure 2.9. The I-V behaviour of a Schottky contact is
Fig. 2.9: Overview of the semiconductor-metal contact. a) before equilibrium state;
metal and semiconductor are not in contact. b) semiconductor and metal
are in contact with each other and equilibrium state is reached. c). air gap
between metal and semiconductor, although brought in contact electrically
by a back side contact. Image inspired by [42].
given by the equation (2.27)
j = js
(
exp
eV
kBT − 1
)
, (2.27)
where j and js are the current density and saturation current density. This
resembles the behaviour of a diode described by the Shockley equation. The
saturation current density equals
js =
1
4
e · n · exp−
eΦb
kBT . (2.28)
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According to the band diagram a Schottky contact is normally formed when
the Fermi level before contact of the semiconductor is higher than that of the
metal (EF,sc>EF,m) [42]. If the Fermi level of the semiconductor is lower,
then its bands will be bent downwards at the interface and the electrons can
"fall" into the metal without "seeing" a barrier. If the Fermi levels cannot
be shifted in the desired direction and EF,sc > EF,m is the work function
combination of the used materials, then doping can be used in order to form
a "quasi-ohmic" contact. At a Schottky contact interface a depletion region
occurs on the semiconductor side. Its width can be modelled using the
"Schottky approximation" (charge carrier distribution, n(x), is box shaped)
so that
xw =
√
2εε0
eND
Φc, (2.29)
where ND is the donor density in the semiconductor, and ε0 and ε are the
permittivity and relative permittivity, respectively [42]. The width of the
depletion region depends on the donor density. If the depletion region is thin
enough, tunnelling is the dominant transport mechanism, and from a macro-
scopic point of view the contact is "ohmic". This junction configuration is
thus named "quasi-ohmic" [42].
2.3 Terrestrial solar spectrum
The terrestrial solar spectra is described by a spectra dependent photon
flux density spectral dependent photon flux density (np(f)). The flux is the
amount of photons of a certain wavelength per second and area. This can
be used to yield the spectral irradiance [54]
b(f) = np(f) · h · f. (2.30)
By integrating the spectral irradiance over the considered frequency interval
the total irradiance can be derived.
B =
fmax∫
fmin
b (f) df =
fmax∫
fmin
np (f) · h · f · df =
λmax∫
λmin
np
(
c
λ
)
· h · c
2
λ3
· dλ (2.31)
B =
λmax∫
λmin
r (λ) dλ (2.32)
By taking into account the different distances of the solar irradiation on its
way to earth, due to different angles spanned with the zenith, different AMx-
standards are established (AM= Air Mass, x ≥ 0). For this standard AM0 is
the extra terrestrial irradiance(, solar constant; AM0=1367 Wm2 ), and AM1
is the irradiance through the earth’s atmosphere at zenith (AM1=1042 Wm2
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including diffuse irradiation) [55]. AM1 corresponds to the shortest possible
way to earth. The AMx factor is expressed as follows
AMx, wherby x =
1
cosα
(0 6 α 6 90◦) , (2.33)
with α the angle between the zenith and the actual angle of incidence. AM1.5
equals the irradiance at european latitude and is AM1.5 = 1000 Wm2 . This
corresponds to the standard IEC 904-3 (1989)part III) (calculation yields
AM1.5 ≈ 930 Wm2 including diffuse radiation), which is a result of an angle to
the zenith of 48.2◦ (see Figure 2.10) [55]. As the irradiation passes through
Fig. 2.10: Air mass factors of solar irradiance. The different irradiation levels are
AM0, AM1.5, and AM2. Image inspired by [56].
the atmosphere several losses occur such as absorption by water vapour,
ozone, oxygen, and carbon dioxide, or scattering by dust particles as well
as reflection (e.g. on clouds). This results in the typical absorption bands
in the spectra shown in Figure 2.11. For light absorption the photon flux
density, which is the amount of photons per second, area and wave length
is given by
np (f) = r (λ)
λ
h · c. (2.34)
Equation (2.34) causes a shift of the maximum photon flux towards longer
wavelengths (by about λ = 710nm).
Among the different potential absorber materials the absorption maxima of
P3HT do not perfectly fit but this material yields good organic solar cell
performance. CuPc with a band gap of 1.8eV passes much better to the solar
spectrum. However, polymers show better processing properties in solution
based solar cell fabrication (printing) than the small planar molecule CuPc
(thermal evaporation). A crucial point is to fit the optical band gap of the
absorber material to the photon flux density and to shift the absorption
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Fig. 2.11: Solar radiation spectrum including black body spectrum, extra terrestrial
spectrum, and terrestrial spectrum. Image based upon [57].
range into the near infra red range; e.g. silicon solar cells obtain their large
photocurrent because of their ability to absorb in the near infra red [54].
2.4 Solar cell principles
The single junctions can be arranged to form new interactive junctions in
form of a heterojunction of donor-acceptor materials. This is the basis for
organic solar cells. The solar cell basics will be explained in detail below.
Silicon solar cells have been under development for the last six decades;
as a consequence they dominate the photovoltaic market. Although these
anorganic solar cells differ in many aspects from organic solar cells, they
have nevertheless much in common. Therefore, for the sake of completeness,
the theory of the silicon solar cells is briefly explained in the following.
2.4.1 Silicon solar cell physics
In a silicon solar cell incident light absorption takes place in the p-doped
(boron) region and free charge carriers are generated directly, see Figure
2.12. Diffusion of these charge carriers (electrons and holes) takes place and
reflection of the electrons by the back-surface field (highly p-doped region)
occurs due to suppressed recombination at the back contact. The drift
current, caused by the electric field, transports the charge carriers out of the
depletion region resulting in an accumulation of electrons in the n-region and
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holes in the p-region. This generates an open circuit voltage (Fermi level not
spatially constant, therefore no thermodynamic equilibrium). The solar cell
works efficiently, if the minority charge carrier diffusion length is larger than
the layer thicknesses and than the light penetration depth (usually around
100µm). Silicon is an indirect semiconductor (Egap = 1.1eV ), which results
in weak absorption. The band diagram of a classical silicon solar cell is
shown in Figure 2.12. The p-doped region in a silicon solar cell is around
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Fig. 2.12: Band diagram of a typical silicon solar cell (dark condition). Image
inspired by [42].
200µm - 400µm thick and is covered with a thin (50µm) n-doped layer. The
free charge carrier lifetime, τ , is around 50µs and is strongly dependent on
the purity of the material. The charge carrier diffusion length, LD, is a
measure of the recombination in the bulk. The larger the diffusion length
the less the recombination. It can be expressed as
LD = 2
√
D · τ , (2.35)
where D is the diffusion constant of the material. The diffusion constant is
linked to the carrier mobility, µ, via the Einstein relation
D =
kBT
q
µ,
kBT
q
= UT , (2.36)
where UT is the thermal stress. The mobility itself is limited by two influen-
tial factors: dispersion by lattice interaction and ionic impurities (dopants).
Consequently, the more impurities that are contained in a material the thin-
ner the layers have to be fabricated in order to reduce losses via recombina-
tion [42].
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Process Loss mechanism
Incident light reflection, transmission, scattering
Absorption weak absorber, spectral mismatch
Exciton diffusion recombination
Charge separation energy level mismatch, charge carrier recombination
Charge transport traps, series resistance, low mobility
Charge carrier extraction leakage current, energy barrier at electrodes
Tab. 2.1: Overview of physical processes and correlated loss mechanisms.
2.4.2 Organic solar cell physics
The absorbing materials in organic solar cells are organic dyes, which upon
the absorption of photons generate Frenkel excitons. These dyes have a
high absorption coefficient resulting in light penetration depthes of only
50nm - 200nm. This facilitates the use of very thin layers and cells, which
puts low requirements on the layer morphology as structural disorders cause
flat traps. Moreover, they can be easy produced on flexible substrates. As
discussed previously, organic semiconductors all do have a π-based electronic
conduction in a conjugated system due to an alternation of single and double
bonds of carbon atoms within the molecule. The π−π∗ molecular orbitals of
this π-electron system correspond to the HOMO and acLUMO, respectively,
and enable light absorption or light emission from the molecule. In the
case of solar cells light will be absorbed and transformed into electrical
energy. The basic conversion process and the correlated loss mechanisms
in an organic solar cell can be described by a sequential process of steps:
The first step is the absorption of incident light with an energy of e = h · f ,
[32], by the absorber and the subsequent formation of an excited state π∗ on
the molecule. The exciton diffusion towards an interface is a consequence
of the overlap of two neighbouring molecular orbitals (one in excited state).
The overlap results in the transformation of the neighbouring molecule into
an excited state and the return to the ground state of the initial molecule.
Excitons can "move" in such a manner by up to 68nm±20nm in CuPc [58].
The second step is discussed in the next subsection.
Exciton generation and diffusion
Under irradiation excitons are generated in the absorber material. This
location-dependent process can be expressed by the exciton generation rate
Ge(x)[ 1m3s ]. The specific exciton generation rate at a specific location x
within a layer and for a specific wave length λ of incident light is:
GE(λ, x) = α(λ)I(λ, x)
λ
h · c =
4π
λ
k(λ)
1
2
ε0cn(λ)|E(λ, x)|2 λ
h · c
GE(λ, x) = 2π
ε0
h
k(λ)n(λ)|E(λ, x)|2,
(2.37)
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where α(λ) is the wavelength dependent absorption coefficient, I(λ, x) is
intensity of the incident light in the layer, (λ) the wave vector, n is the
real share of the complex index of wavelength dependent refraction and
k the imaginary share, ε0 is the vacuum permittivity, c is the speed of
light, h is the Planck constant, and E(λ,x) is the location and wavelength
dependent absorbed energy in the layer [54]. The intensity of the incident
light, I = 12ε0cn (λ) |E (λ, x)|2 at a depth x in the irradiated layer forms
the basis for (2.37). Because |E (x)|2 = Pd (x) |E0|2 with the normalized
photon flux density Pd (x), equation (2.37) can be written as (using the
incident light intensity I0 = 12ε0c |E0|2):
GE (x) =
4π
h · cI0 · k · n · Pd (x) . (2.38)
By using the equation of continuity
∂ρ
∂t
+ div j = 0 (2.39)
a stationary diffusion equation for excitons (no distinction is made for triplet
or singlet excitons) can be found for a fixed wave length λ and a location-
dependent exciton generation rate Ge(x) as follows
∂nE (x, t)
∂t
= 0 = GE (x)− nE (x)
τE
+DE
∂2nE (x)
∂x2
, (2.40)
where nE[ 1m3 ] is the exciton density, τE[s] the exciton life time and the exci-
ton diffusion constant DE [m
2
s ]. The exciton diffusion length, LE, is the root
of the multiple of DE with the exciton lifetime τE: LE =
√
DE · τE [54].
In organic solar cells the exciton dissociation at the heterojunction between
the donor and acceptor material has to be taken into account for the exciton
diffusion equation. This is achieved by adding a dissociation term (physi-
cally an electrostatic force occurs at the interface) expressed by F (x− xG).
Furthermore, the dissociation at the metal-semiconductor interface has also
to be included. By including all these effects the exciton diffusion equation
(for an arbitrary wave length) for steady state conditions and the location-
dependent exciton density nE(x) becomes [54]:
0 =
4π
h · cI0 ·k ·n·Pd (x)−
nE (x)
τE
+DE
∂2nE (x)
∂x2
−F (x− xG)nE (x) . (2.41)
2.4.3 Exciton dissociation
The conventional photon absorption mechanism yields the creation of
Frenkel excitons with an exciton binding energy of around ≈ 0.5eV. Accord-
ing to the Onsager model this requires large fields (≈ 106V/cm) are required
to dissociate these excitons into free charge carriers. These field intensities
32
Fundamentals 2.4 Solar cell principles
cannot be generated by built-in voltages. This binding energy is also much
larger than the thermal energy at room temperature (≈ 25meV ), thereby
making thermal dissociation practically impossible. In efficient solar cells
performance the dissociation of excitons must be faster then competing re-
combination processes. These processes are: radiative recombination such as
fluorescence, and phosphorescence within ns-µs, or non-radiative recombina-
tion via phonons, heat, or photoemission from metal electrode. The latter is
a consequence of the surface states of the metal electrode. Therefore, dissoci-
ation is induced at a material interface. The donor-acceptor interface forms
a heterojunction, which results in a band shift. This shift causes there to be
an electro chemical potential difference across the interface, which is strong
enough to overcome the exciton binding energy. The dissociation process
at the donor-acceptor interface takes place on the fs-scale and is, therefore,
1000-times faster than any other competitive recombination process. The
dissociation takes place, if the following relation between the energy states
of the excited donor molecule and the acceptor molecule is fulfilled:
ID∗ − EAA − Eb < 0, (2.42)
where ID∗ is the excited donor, EAA the electron affinity of the acceptor and
Eb the exciton binding energy [59]. The driving force at the interface is the
difference in the electron affinity, EA, of the donor and acceptor molecule.
Hence, for dissociation the EA and the ionization potential, IP, of the accep-
tor should be higher than those of the donor molecule. In this dissociation
process the Frenkel exciton is transformed into a charge transfer (CT) ex-
citon, where the negative charge stays on the LUMO of the acceptor and
the positive charge on the HOMO of the donor. This CT exciton (Wannier-
Mott exciton) has a much smaller binding energy as it is spread over at
least two molecules. Subsequently, the negative and positive charges are
considered to be an individual electron and hole. The energy stored within
the separated positive and negative charges equals the difference in their
electrochemical potentials µelchem [60]. The binding energy can also over-
come with the help of a combination of the built-in voltage and the thermal
energy. In this process this CT exciton is thermally dissociated into two
polarons. The electron as well as the hole polaron have a strong interaction
with the lattice (or in polymers with the polymer chains) which means the
polarons have a large effective mass. Due to its interaction it polarizes its
neighbourhood yielding its name: polaron. These polarons or CT pairs are
stable on the ms-scale [42]. A band structure of a organic solar cell is shown
in Figure 2.13. According to the band diagram a charge transfer for elec-
trons can be expected. Whether a photoinduced charge transfer for holes
exists for the material combination CNT and the respective dye still has to
be investigated. In contrast to inorganic solar cells little space charge exists
in organic solar cells, because the intrinsic amount of free charge carriers is
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Fig. 2.13: Band diagram of a heterojunction organic solar cell with P3HT and
PCBM as donor-acceptor combination.
very low. However, an increase in the space charge can be achieved by dop-
ing the organic materials with appropriate dopants (or with high injection
or extraction barriers).
2.4.4 Quasi-Fermi levels and open circuit voltage
Under illumination the electron density is larger compared to the electron
density without illumination (ne > n0e). The same occurs for the hole den-
sity (nh > n0h). Due to the increase of the electron density the Fermi level
moves closer to the conduction band and due to the increased hole density
it simultaneously moves closer to the valence band. One solution to this
predicament is to split the Fermi level into two quasi-Fermi levels. One
for the electrons and the other one for holes. Consequently, the descrip-
tion of non-equilibrium states can be given in terms of these quasi-Fermi
levels. The descriptive use of a quasi-Fermi level distribution in the non-
equilibrium state (e.g. caused by photogeneration) is enabled by the fact
that the equilibrium state adjusts much faster within a band than between
different bands (that means for either the negative charge carrier density or
the positive charge carrier density). As a consequence, the densities can be
described using separate Fermi distributions called quasi-Fermi levels (see
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Figure 2.14). The band diagram of a solar cell under dark conditions and
E
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Fig. 2.14: Quasi-Fermi levels. a) Quasi-Fermi level for negative charge carriers and
b) Quasi-Fermi level for positive charge carriers of organic solar cells.
Image inspired by [42].
illuminated (short circuit and open circuit) is shown in Figure 2.15. It is
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Fig. 2.15: Band diagrams of a solar cell under a) dark conditions and b) illuminated
and short circuit condition c) illuminated and open circuit condition.
Image inspired by [42].
assumed that the anode and the valence band of the active material as well
as the cathode and the conduction band form ohmic contacts. Under illu-
mination the Fermi level splits into two quasi-Fermi levels and the gradient
of these levels yields short circuit current. Under open circuit condition and
illumination the splitting of the Fermi level is due to the photogeneration of
charge carriers [42]. As soon as the bands become flat, no more transport of
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electrons and holes towards the outer electrodes is possible. The resulting
open circuit voltage can be expressed as
Voc = EQF,e − EQF,h < Vbi, (2.43)
where EQF,e and EQF,h are the quasi-Fermi levels of electrons and holes,
respectively, and Vbi is the built-in voltage, [61]. This voltage will remain
intact under the conditions of high temperature or weak illumination. The
temperature dependence at the maximum generation rate can be derived
from the difference of the two quasi-Fermi levels equation (2.43) and from
the photogenerated charge carrier density given by
n ∼= Nce−
Ec−EQF,e
kBT (2.44)
for negative charge carrier density and by
p ∼= Nve
Ev−EQF,h
kBT (2.45)
for positive charge carrier density [42]. By inserting equation 2.44 and 2.45
into equation 2.43 the temperature dependence of the open circuit voltage
is obtained, where
Voc = (eEc − eEv)− kBT
(
ln
Nv
p
+ ln
Nc
n
)
(2.46)
Voc = eEgap − kBT ln
(
NvNc
pn
)
. (2.47)
2.4.5 Solar cell parameters
The main solar cell parameters are introduced below.
Unilluminated I-V curve
The I-V behaviour under dark conditions is the same as the I-V curve of a
common pn-diode, which can be expressed by the Shockley equation
ID = IS
(
e
U
n·UT
−1
)
. (2.48)
Short circuit current density: Jsc
Under illumination a photocurrent is generated. This photocurrent moves
the diode I-V curve down the I axis in accordance with equation (2.48).
For the application of no external voltage, the short circuit current Isc is
obtained. As this parameter depends on the device size, usually the short cir-
cuit current density, Jsc, is usually used, which is independent of device size.
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The current-voltage dependence is dependent on the wavelength of the inci-
dent radiation. The spectra are called photo current spectra. These spectra
show the efficiency of the wavelength dependent charge carrier generation
and transport [42].
Open circuit voltage: Voc
The voltage level where the current becomes zero is called the open circuit
voltage, Voc. It is correlated with various materials properties such as the
HOMO-LUMO level of the organic semiconductors and the work function
of the electrode materials. Furthermore, the open circuit voltage depends
on temperature and other effects, such as charge carrier mobilities (Dember-
voltages) [42].
Fill factor: FF
Under illumination the I-V curve crosses the fourth quadrant, which means
the product of current and voltage is negative. In this region the solar cell
is working as an active device. Consequently, power is generated and fed
into the circuit. The point of the I-V curve, where the maximum power is
generated, is called the maximum power point (MPP). This is used as the
operating point of the device. As shown in Figure 2.19 the short circuit
current density, Jsc, and the open circuit voltage, Uoc, define the theoretical
maximum power generated by the cell. The real achievable MPP is the
product of the maximum values of the measured current density and voltage.
The corresponding J, U values are Jmpp and Umpp, respectively. If Jsc, Uoc
and Jmpp, Umpp span a rectangular area in the I-V-diagram two areas of
different size are created. The correlation of these is the fillfactor defined by
FF =
Pmax
Voc · Isc =
VMPP · IMPP
Voc · Isc (2.49)
The fill factor is mainly influenced by the series resistance of the device, [62].
The fill factor decreases for larger series resistance. It is used to characterize
the quality of device performance. The fill factor for anorganic cells is within
the range of FF = 0.75 − 0.85 and in the range of FF = 0.5 − 0.6 for
organics. Calculating the fill factor from the integral of the I-V curve under
illumination yields bigger values and is not comparable with the fill factor
determined by equation (2.49). The fill factor is visualized in Figure 2.16.
External quantum efficiency: EQE
Another important parameter is the incident photon to current conversion
efficiency (IPCE), which gives the wavelength-dependent effectiveness of the
cell to convert photons (of a specific wavelength) into charge carriers. This
conversion happens at the first step at the donor/acceptor interface, where
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Fig. 2.16: a) I-V curve of a solar cell under dark condition and illuminated. The I-V
curve is downshifted under illumination due to the photocurrent. The
device is working as current source. b) visualization of the fill factor.
Theoretically the maximum power is determined by Pmaxtheor = Isc ·Voc.
The measured power differs from this value. The fill factor is expressed
as the ratio of the measured value and Pmaxtheor.
Frenkel excitons are dissociated into CT excitons with an efficiency of nearly
100 %. However, during the dissociation of these CT excitons have to be fully
dissociated by thermal activation into polarons, losses occur. The incident
quantum efficiency gives the overall efficiency of the conversion process of
photons to charge carriers, as it includes all dissociation and transport losses
[33]. The IPCE can be expressed as
IPCE =
hc
e
· Jsc
λ · I0 , (2.50)
where h is the Planck constant, c is the speed of light, λ the wavelength
of the incident photon and I0 the radiation intensity (I0=100mW/cm2 at
AMG 1,5). Furthermore, it gives a spectra according to each specific wave
length and can be expressed using the short circuit current density and the
incident light intensity, which transforms equation 2.50 to:
IPCE [%] =
Jsc
[
µA
cm2
]
I0
[
mW
cm2
] · 124
λ [nm]
. (2.51)
This gives the IPCE as a percentage and represents the correlation of in-
cident photon to photocurrent more conveniently [63]. The photo current
density is proportional to the incident light intensity
Jsc ∝ I0, (2.52)
which means that the photo current spectra can be normalized and the
influence of e.g. layer thicknesses can be studied.
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Efficiency
The proportion of converted electrical power (PMPP ) relative to the incident
light power (PL) defines the efficiency, η. It is expressed as:
η =
PMPP
PL
=
VMPP · IMPP
PL
= FF · Voc · Isc
PL
. (2.53)
The equation (2.53) implies that for good device performance three parame-
ters have to be as large as possible. These are the fill factor, the short circuit
current and the open circuit voltage. Hence, tuning just one parameter is
not enough to obtain a large efficiency [33].
Equivalent circuit of a solar cells
Illumination of the solar cell induces the formation of an electron-hole pair.
This is followed by a charge separation process at the interface of the donor
and acceptor, called dissociation. The basic architecture of a heterojunction
solar cell with such an interface is shown in Figure 2.17. The dark condition
Fig. 2.17: Design of a typical heterojunction solar cell. The heterojunction is formed
at the donor and acceptor interface.
properties of such a junction are the same as those of a diode. The current
of a diode is given by the thermionic injection model, [64]:
I = −ID = −Isexp
(
eU
kBT
−1
)
, (2.54)
where Is is the saturation current under reverse bias, e the elementary charge
and U is the bias voltage. Under illumination it works as a current source
and can be modelled as a current source in parallel with a diode. From 2.54
we get under illumination
I = Iph − ID = Iph − Isexp
(
eU
kBT
−1
)
, (2.55)
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where Iph is the photo current. A real cell has two additional resistances,
the shunt resistance Rsh, related to shorts and the series resistance Rs, rep-
resenting the contact and bulk semiconductor resistances. The equivalent
circuit is shown in Figure 2.18. By taking into account the two resistances
photo
ID
I
V
Iphoto ID
I
V
Ip
Rp
Rs
a) b)
Fig. 2.18: Equivalent circuit of an ideal (left) and real (right) solar cell.
and an ideality factor b (b=1 for an ideal diode) equation 2.55 extends to
I = Iph − ID − URsh
Rsh
= Iph − Isexp
(
U+Rs·I
b·kBT
−1
)
− U +Rs · I
Rsh
. (2.56)
The influence of Rs and Rsh on the I-V behaviour in comparison to an ideal
cell is shown in Figure 2.19.
Fig. 2.19: I-U characteristic under illumination. a) Rsh =∞ b) Rsh is small c) Rs
is large. Image inspired by [65].
2.4.6 Current source versus battery
In ideal current sources the current is completely independent of the ap-
plied voltage. In real current sources the current drops either linearly with
increasing applied voltage or nonlinearly (like in solar cells). From inside
the device the electrons are ejected to the anode. The counter electrode,
to where holes are ejected from inside the component, is called the cath-
ode. The anode and cathode are not correlated with the energy level of the
electrodes of the component. The difference in the energy levels of the elec-
trodes, which yields a voltage, is determined by the positive and negative
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terminal. The positive terminal denotes the electrode with the higher energy
level and the negative terminal is the electrode with the lower energy level.
This description determines the direction of voltage drop. In a zinc-lead car
battery an oxidation reaction takes place at the zinc electrode. Electrons are
generated at the zinc electrode (anode - positive terminal), which reach the
lead electrode (cathode - negative terminal) with through the outer circuit.
If the car battery is charged, the polarity is reversed. For electroplating
processes the positive terminal is the anode and the negative terminal the
cathode.
In organic solar cells the indium tin oxide (ITO) electrode (if ITO is used)
acts as the cathode as it collects the holes from within the cell or in the out-
side circuit. The counter electrode (mostly metal) is the anode. The anode
material has a low work-function which means it is energetically at a higher
level than the cathode, which is made from a high work-function material.
The positive terminal is the anode (usually metal contact) and the negative
terminal is the cathode (usually the transparent conductive oxide (TCO)).
The current flow in Figure 2.20 is marked with an arrow.
Fig. 2.20: Comparison of current source as galvanic component and current source
as solar cell component. a) battery in generator mode. b) battery in
recharge mode. c) organic solar cell.
2.5 Summary
In this chapter an introduction of the physics of solar cells was given. The
basic working mechanisms in the context of irradiation from the sun, ab-
sorption properties of the absorber, and the process of free charge carrier
generation as well as charge carrier transport properties and collection at
the outer electrodes have been discussed.
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3. MATERIALS
In the following the materials used in this work are introduced and the
most common methods of analysis are described. All materials, which are
introduced in the following, are organic semiconductors. Hence, they can
absorb radiation due to their band gab. The relative energetic position of
HOMO and LUMO to the vacuum energy level (and in some cases additional
the energetic position of the Fermi-level in the band gap) defines, whether
the material is a donor or an acceptor. These materials are categorised in a
donor-acceptor combination for organic solar cell application.
3.1 Acceptor materials
An acceptor is a molecule that receives an electron from an excited molecule
due to the match of energy levels at the interface of these two molecules.
3.1.1 Buckminsterfullerene (C60)
The fullerene consists of sixty carbon atoms formed in twelve pentagon and
twenty hexagon rings of sp2 − hybridised carbon atoms. It is an aromatic
alkene. It is the most commonly used acceptor molecule in organic photo-
voltaic devices, together with its various derivatives such as C71 or PCBM.
On the basis of its major impact in research it is explained in detail. Its
derivative PCBM is also discussed. In order to form a closed cage out of
pentagons and hexagons all fullerenes fit the formula
Fullerene ∈ C20+m,m ∈ N. (3.1)
The structure of a C60 is a "truncated icosahedron" [66]. The truncated
icosahedron is derived from an icosahedron. Each of the twelve vertices
are truncated and replaced by pentagons. This process converts each of
the twenty former triangular faces into hexagons, resulting in a soccerball-
shaped structure (see Figures a)-b) in Figure 3.1). The absorption spectrum
is given in Figure 3.3. There are many other possible hollow cage structures
for the fullerenes amongst other things resulting in different absorption be-
haviour (e.g. the C71, which has a larger absorption in the visible range
than the C60). A common feature of all closed fullerene structures is that
they consist of twelve pentagons and with a variable number of hexagons.
The synthesis of fullerene was first described by Krätschmer et al. [69]. The
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Fig. 3.1: Fullerenes. a) icosahedron. b) truncated icosahedron (Fullerene). c) syn-
thesis chamber for C60. Images taken from [67] and [68].
process reached 100% efficiency in 2008 in the work of Gomez − Lor and
Martin−Gago [70]. Krätschmer used a process chamber with a 13,3kPa he-
lium inert gas atmosphere in which a graphite electrode (rod) was evaporated
by resistive heating (see Figure c) in Figure 3.1). This technique produces
a condensate containing amorphous carbon, C60 and other fullerenes. The
C60 and the other fullerenes can be extracted from the condensate by using
an organic solvent (toluene, benzene) to dissolve it; the rest being insoluble.
Drying the supernatant yields a dark brown to black residue consisting of
C60 and other fullerenes. Fullerenes with encaged atoms inside are called
"endohedral fullerenes". These enable for example the electrical engineering
of the bulk material [71]. The density of C60 is 1.65
g
cm3 , the cage diame-
ter is 7.11Å, the ionisation potential is 7.6 ± 0, 2eV , the electron affinity is
2.6eV , the bandgap is 1.8eV, it forms a face-centred cubic lattice structure
and the absorption coefficient is 6.07 · 10−5 1cm at a wavelength of 220nm
[72]. All collected data from literature agree with the given values. Another
notable feature of the buckminsterfullerene (C60, also called buckyball) is
its reversible uptake of up to six single electrons [73].
3.1.2 Phenyl-C61-butyric acid methyl ester (PCBM)
Due to the poor solubility of C60 in organic solvents (less than 6mg/mL),
it has been chemically functionalized. An important example is the phenyl-
C61-butyric acid methyl ester (PCBM) (CAS number 160848-22-6) (see Fig-
ure 3.3). The butyric acid methyl esther group attached to the surface of
the C60 yields a much better solubility in organic solvents (up to 100mg/mL
in dichlorobenzene). This makes PCBM one of the most commonly used
acceptor materials for solution processed organic photovoltaic devices. The
mobility of electrons in spin cast PCBM films is around 2 · 10−3 cm2/V s
(in single crystals up to 0.5cm2/V s) and the density is 1.5g/cm3 [74]. The
absorption spectra of PCBM and C60 are shown in Figure 3.3. The band
diagram is shown in Figure 3.2.
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Fig. 3.2: Band diagram of PCBM (left) and C60 (right), where Evac is the vacuum
energy, E the energy in eV, and EF is the Fermi level. Values taken from
[75], [76], and [77].
3.2 Donor materials
The used donor materials will be introduced in the following.
3.2.1 Copper(II)phthalocyanine (CuPc)
Phthalocyanines are organic macrocyclic molecular semiconductors, which
are easy and cheap to synthesize. They show excellent resistance towards
UV irradiation. This makes them a popular material for application. The
CuPc (CAS number 147-14-8) consists of isoindol components which are
imino-bridged for the aza-function to its neighbouring isoindol component
(see Figure 3.6). In its centre the ionized metallic atom, copper, is bound
with two nitrogen atoms and complexed with the other two free valence elec-
trons from the other two nitrogen atoms. Its absorption coefficient is about
1.5 · 105cm−1 in the visible range [79]. The UV-vis spectra and molecular
structure are shown in Figure 3.6. These molecules are usually deposited us-
ing thermal evaporation. The resulting layer morphology is poly crystalline
at room temperature [80]. In a crystal the molecules are stacked with a slight
offset between each other and with a separation of about 3.4Å [81]. The elec-
trical conductivity is space charge limited and reaches values of 1 · 10−6 Scm
[82]. It is also strongly anisotropic [83]. Upon doping with acceptor gas
the conductivity rises up to 1 · 10−2 Scm but the dopants are unstable [84].
Phthalocyanines can be synthesized by using different methods, in which
the metal (e.g. copper) can be added either before or after cyclization. For
an overview see Figure 3.4. CuPc is known to be a p-type semiconductor
with a hole mobility of µh = 0, 1 − 1 cm2V s . In order to dissolve this molecule
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Fig. 3.3: Structures and UV-vis spectra of C60 and PCBM. Left: structures of
a) PCBM, and c) C60. Right: UV-vis spectra of b) PCBM and d) C60.
Images a) and b) taken from [78] (reprinted from Publication Chemical
Physics Letters, Vol. 445, issues 4-6, S. Cook, H. Ohkita, Y. Kim, J. J.
Benson-Smith, D. D.C. Bradley, J. R. Durrant, A photophysical study of
PCBM thin films , 276, c©(2007), with permission from Elsevier), c) and
d) taken from [30].
covalently bonded functionalising groups have to be added. This peripheral
substitution is done at the benzo group with e.g. a sulfuric group. These
sulfuric groups cause, however, aggregation of the dye in the solvent [86].
This process is additionally caused by the metal atom in the middle of the
phthalocyanine (copper in this case) [87]. All phthalocyanines have two ab-
sorption bands: one in the visible region of 500nm-700nm (Q-band) and
another one in the near UV at 300nm-400nm (Soret band). The absorption
of a photon causes the π → π∗ transition, which generates an excited state.
This results in a charge transfer of an electron from the outer benzene rings
into the inner macrocyclic ring [88] and [89].
CuPc shows high polymorphism. The polymorphism occurs due to the rel-
atively weak intermolecular forces. This also has an influence on the con-
ductivity as well. At least five different polymorphs are known for CuPc:
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Fig. 3.4: Overview of the phthalocyanine synthesis when using different reactants.
Image inspired by [85].
α, β, γ, δ and ǫ. However, only the β-CuPc turns out to be stable, whereas
the others are metastable. It has already been used successfully in organic
solar cells [90].
3.2.2 Copper phthalocyanine-3,4’,4”,4”’-tetrasulfonic acid tetrasodium
salt (CuPc-TS)
Copper phthalocyanine-3,4’,4”,4”’-tetrasulfonic acid tetrasodium salt
(CuPc-TS) (CAS number: 123439-80-5) is the water soluble anion deriva-
tive of CuPc (see Figure 3.6). CuPc-TS is synthesized by using a process of
sulphonation. A sulphuric group (HSO3) is introduced to the aromatic ring
with a covalent carbon-nitrogen bond. The corresponding sulphuric acids are
R−SO2OH (see Figure 3.5). The attached sulphuric acid groups deactivate
Fig. 3.5: Sulphonation scheme for aromatic rings. Image inspired by [85].
the aromatic ring. CuPc-TS solar cells with titanium dioxide nanoparticles
produced using a layer-by-layer technique have been investigated by [91]. It
has been reported that CuPc-TS forms ring-stacked aggregates in solution,
which is in contrast to non-substituted CuPc [92]. These aggregates were
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suggested to be responsible for the high open circuit voltage of solar cells
with CuPc-TS fabricated by common spin coating, and with C60 as acceptor
[93]. The absorption spectrum is shown in Figure 3.6.
3.2.3 Copper(II)3,10,17,24-tetra-tert-butyl-1,8,15,22-tetrakis
(dimethylamino)-29H,31H-phthalocyanine (CuPc-DMA)
The Copper(II) 3,10,17,24-tetra-tert-butyl-
1,8,15,22-tetrakis (dimethylamino)-29H,31H-phthalocyanine (CuPc-DMA)
(CAS number: 61113-98-2) is a butyl and amino functionalized CuPc deriva-
tive (shown in Figure 3.6). It has been used for non covalent sidewall
functionalization of hydrophilized multi-walled carbon nanotube (MWCNT)
[94]. Chemos GmbH (Germany) supplies a closely related derivative,
the 4,4’,4”,4’-tetra-tert-Butyl copper phthalocyanine (CAS: 61113-98-2), is
Chemos GmbH in germany.
3.2.4 Regioregular poly(3-hexylthiophen-2,5-diyl) (rr-P3HT)
In recent years, regioregular poly(3-hexylthiophen-2,5-diyl) (rr-P3HT) (CAS
number: 156074-98-5) has supplanted many other polymers of the Poly(p-
phenylene vinylene) (PPV) series as the donor material of choice. The poly-
mer rr-P3HT has a lower band gap (1.9eV) and higher hole mobility (µh)
[98]. Devices containing rr-P3HT achieved power conversion efficiencies of
η>5% [99]. However, rr-P3HT has become one of the most important poly-
mer donor materials, although it has several problems related to its synthesis
(e.g. complex procedures under cryogenic conditions [100]), purification, and
intrinsic electronic properties. The regio-regularity, molecular weight, and
polydispersity of P3HT have major influence on the device performance of
BHJ solar cells [101]. In addition, the reproducibility of results is much af-
fected by the commercial source. This implies that the purity and structural
control of the synthesized P3HT varies between suppliers. Another disadvan-
tage of this material is its small absorption band (FWHM=150nm), which
yields in combination with its band gap a theoretical absorption of only 30%
of the solar spectrum. The UV-vis spectra and the structure is shown in
Figure 3.8. Additionally the relatively high lying HOMO limits the open cir-
cuit voltage to 0.6V - 0.7V, and the cells show instability under atmospheric
conditions.
Postprocess thermal annealing tremendously improves the morphology of
the bi-continuous phase and the crystallinity of the P3HT [102]. The
quasi one-dimensional, linear π-conjugated system of rr-P3HT causes an
anisotropic charge transport. This transport has its maximum conductivity
along the stacking direction of the chains. Thermal annealing also yields
randomly orientated nanocrystalline domains [35]. The anisotropic struc-
ture yields different transport directions for charge carriers (see Figure 3.7).
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3.3 Combined acceptor and electrode materials
The function of the electrode material in solar cells is to level off or to re-
duce the injection and ejection barrier between the semiconductor material
and the outer electrical circuit. CNTs have been reported as electrode ma-
terials by several authors [105], [106], [107], [108]. CNT electrodes can be
purchased from a commercial source [109]. In addition, several authors have
used them as an acceptor material for an organic solar cell in combination
with either P3HT, or poly(3-octylthiophene) (P3OT) [110], [111], [112] and
[113], or with polythiophene and PPV [114], or as improvement of the con-
ductivity of holes in the donor layer [115], or with C60 were attached to the
CNTsidewall and mixed with P3HT [116]. Others have covalently bonded
protonated porphyrin are covalently bond to the CNT sidewall [117]. One
author has used them to improve the conduction of holes in the donor layer,
[115]. In another approach the donor was attached covalently to the CNT
leading to monochromatic IPCE, of up to 4.2% have been achieved for a
bilayer cell and 8.5% for a multilayer cell, [118], [119]. The location of the
CNT in the solar cell is also important, [120]. Barazzouk et al showed that
by using the CNT as an acceptor in a dye-sensitized solar cell (DSSC) it
was photoactive [121]. A good overview about CNT in organic solar cells is
given by [122].
Donor and acceptor states in pure single single-walled carbon nanotube
(SWCNT) have been observed using scanning tunneling microscopy (STM)
and scanning tunneling spectroscopy (STS) due to the influence of heptagons
(which will donate one electron) and pentagons (which will accept one elec-
tron) within the hexagonal lattice structure, [123]. But these states are not
applicable to the donor-acceptor interface model, which is applied to explain
the exciton dissociation at their interface.
In this work vertically aligned carbon nanotubes (va-CNTs) are used as the
acceptor material in a 3D-organic solar cell architecture. In the following
the properties of a CNT is explained in detail and a band diagram of the
cell given.
3.3.1 Carbon nanotubes
In general, carbon nanostructures appear in several forms, e. g. bamboo-like
CNT, SWCNT, or MWCNT and lots more. CNT) were discovered in 1991
by Iijima [124]. Much work has been done since to study the exceptional
and unique chemical, mechanical and electrical properties of the CNT. CNT
have diameters in the range of 0.4nm - 100nm and a length of up to several
centimeters. Hence, CNT have a large aspect ratio and can be considered
as a one dimensional material [125]. Due to their alternating sp1- and sp2-
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hybridized carbon bonds, they are almost chemically inert, mechanically
extremely sturdy and stiff in the axial direction. In the form of powders
SWCNT have a low density of 1.3-1.4 g
cm3
and MWCNT have a density of
1.8 gcm3 .
Structure and properties of CNT
The atomic structure of CNT can be easily described by by using graphene
layers, which consists of sp2-hybridised carbon. In graphene, atoms all lie in
a plane. The unit cell contains two carbon atoms forming a honeycomb-like
lattice. The angle between the three covalent σ-bonds of each single carbon
atom is 120◦. Three of the four valence electrons form these bonds. The
fourth valence electron occupies an out-of-plane Pz atomic orbital which over-
laps with that of the neighbouring carbon atom and forms π-type molecular
orbitals (see Figure 2.1). This overlap enables the movement of electrons in
π-orbitals over the whole system. This feature is mainly responsible for the
conduction properties of graphene as well as of the CNTs.
A CNT is a long hollow cylinder formed from a rolled-up graphene sheet
whilst still conserving its periodic lattice structure. The diameter of the
CNT are related to the nanotube circumference vector
−→
C (called chirality
vector), which for an unrolled nanotube can be expressed in terms of the
primitive lattice vectors of graphene −→a1 and −→a2 as
−→
C = n · −→a 1 +m · −→a 2, (3.2)
where n, m ∈ N+. The components n and m are the chiral indices of −→C .
They are used to define a CNT: the convention is: n ≥ m, which means all
existing CNT are denoted [(n, 0), ..., (n, n)].
Carbon nanotubes are classified as single-walled, double-walled (two
SWCNT put inside each other) and multi-walled nanotubes (several SWCNT
put inside each other) as shown in Figure 3.9.
SWCNT have several possible symmetric structures: zigzag, armchair and
chiral types (see Figure b) in Figure 3.10). The structure observed is de-
pendent on the direction of winding, the so-called chirality. In zigzag tubes
m=0 and in armchair tubes n=m. In general when
n−m = 3q (3.3)
(where q is an integer), (n,m) nanotubes have metallic properties. This is
used to explain why one third of all CNT produced are metallic and the
others semiconducting. Whether the CNT are metallic or semiconducting
depends on their diameter and chirality; the band gap in the semiconducting
tubes is inversely proportional to the nanotubes’s diameters Eg ∝ 1d (that
means tubes with a large diameter can be assumed to be metallic). All
armchair nanotubes and about one third of zigzag nanotubes are metallic.
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The peaks in the nanotube DOS have singularities in accordance with the
single quantum subband model. These singularities are important for the
interpretation of the experimental data of scanning tunnelling spectroscopy
and resonant Raman spectra.
In the following the electrical, mechanical, chemical, and thermal properties
of carbon nanotubes are described.
Electrical properties
CNT can be considered to be a one-dimensional very small solid strongly
influenced by molecule quantum state properties such as excitons and po-
larons. With regard to their electronic properties, solids are classified in
accordance to their band structure as metals, semiconductors or insulators
depending on their band structure. As electrons and holes are Fermions, the
Pauli-principle can be applied, which means every electronic state can be
occupied by only two electrons (each with different spin) and the tempera-
ture dependent occupation of the electronic states can be modelled by the
Fermi-Dirac distribution function
f (E,T ) =
1
e
E−EF
kBT + 1
. (3.4)
At 0 K every state which is lower than the Fermi-level is occupied and all
other states are empty. If this level is within an electronic band charge car-
riers can be easily (low energy input) excited into an energetically higher
unoccupied state. Upon application of an external electric field these charge
carriers form a current. Such materials are called metals. Materials with
the Fermi-level placed within a bandgap are called semiconductors or insu-
lators depending on the width of the bandgap. In some materials the EF
lies at energy level where two bands meet. These materials are called semi-
metals (see Figure a) in Figure 3.10). In order to explain the electrical band
structure of CNT, it is very helpful to describe the electronic structure of
graphene first. The sp2-hybridised σ-type orbitals form σ-bands (occupied
σ and unoccupied σ∗) which are energetically far away from one another.
In comparison to these, the two π-bands (π and π∗) are much closer ener-
getically and even touch at the K-points of the Brioullin-zone. The number
of states per π-band is half as many as the number of atoms within the
graphene layer. Therefore, the π-band is fully occupied with electrons and
the π∗ is completely empty. These are the valence and conduction band re-
spectively. As these two bands touch each other at the K-points, graphene is
semi-metallic. The calculated band structure of graphene is shown in Figure
a) of Figure 3.11.
The electronic structures of CNT differ from that of graphene mainly be-
cause of two reasons:
• The transformation of the two-dimensional band structure of graphene
into bands limited by the circumference of the CNT in one direction
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and in the other having an infinite extension along the CNT axis. Con-
sequently, a one-dimensional band structure is formed (main impact).
• The bending of the nanotube walls to a cylinder, leading to a shift of
the subbands (especially important for CNT with small diameters).
The small circumference of the CNT causes a quantization of the electronic
states, which results in the splitting of bands into several subbands which
were formerly single bands in graphene. The quantization criterion for all
electrons, whose wave vectors
−→
k = 2piλe ·
−→e are not parallel with the CNT
axis is
−→
k =
2π
−→
C
· i (i ∈) . (3.5)
The number of subbands depends on the diameter of the CNT. The sub-
bands occur as electric states along lines in the Brioullin-zone of graphene.
As can be seen from equation 3.5 the lines obtain their orientation from the
chirality vector
−→
C . This results in a fixed orientation of these subbands in
the graphene Brioullin-zone. Only if the K-points are connected with these
lines is the CNT metallic (see Figure d) of Figure 3.11). For any other case
the SWCNT is semiconducting. Consequently, all armchair SWCNT are
metallic. According to equation 3.3 all SWCNT with
n−m
3
∈ N (3.6)
are metallic as their subbands meet the K-points, [128]. One exception to
this are SWCNT with very small diameters, which have small band gaps
caused by bending, [129]. However, small diameter SWCNT have enough
free charge carriers at room temperature to assume that one third of all
SWCNT are metallic.
Density of states
The amount of electronic states (N) per energy interval (E) is known as the
density of states (dNdE ). In one dimensional electronic systems it is typical to
find van-Hoove-Singularity (vHS); these form pairs of singularites, which are
energetically symmetric to the SWCNT Fermi level. For metallic SWCNT
a constant density of states exists between the first pair of vHS due to
the bands linearly crossing the K-points. The density of states have been
calculated and verified by scanning tunnelling spectroscopy [130]. These
singularities define the electronic transport mechanisms to a large extent
and also define the optical properties. The distance between the first pair
of vHS corresponds to the band gap of semiconducting SWCNT.
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Ballistic conduction
On the basis of the quasi one dimensional structure and the strong chemical
bonds, only a weak interaction between electrons and phonons is possible.
Hence, charge carriers can cover long distances, up to 100µm before phonon
scattering takes place. The maximum conductivity (ballistic limit case) cal-
culated by [131] is
2G0 =
h
4e2
(3.7)
per channel. In most real applications a diffuse conduction mechanism can
be assumed. In this case the charge carrier is first accelerated by an electric
field and then scattered after a certain distance. This distance is the mean
free path. The mean free path divided by the travelled time yields the mean
drift velocity. In order to investigate their electronic properties Frank et al.
in 1998 dipped CNT into liquid mercury as a way of aiding the measurement
of the conductivity with Scanning Probing Microscopy [132]. It was reported
that the CNT showed quantum mechanical behaviours and had ballistic
conductance. Sanvito et al. observed a reduction of quantum mechanical
conductive channel in the inside of MWCNT and a rearrangement of electron
flow of each carbon nanotube by interwall interactions.
Current density
The resistivity of rope shaped metallic SWCNT is about ρ = 1 · 10−4Ω/cm
at 300 K. Frank et al. observed that the maximum stable current densities
are 107 A/cm2 for SWCNT and 1013 A/cm2 for MWCNT. Field emission
experiments have driven currents of up to I = 2µA through single SWCNT,
which corresponds to current densities of up to 1 · 108A/cm2 [133].
Optical transitions
The optical transitions only occur within one pair of vHS and are usually
investigated by UV-vis measurements (see Figure 3.12). The absorption
spectra shows several peaks. In order to identify whether a metallic or semi-
conducting SWCNT has caused a peak in the absorption spectra the peaks
are marked with the letter S or M, respectively. Furthermore, the transitions
are marked with an index to the letter, either 11 or 22, which correspond
to the first or second vHS, respectively. Recombination processes also take
place in CNT; either radiatively through the process of fluorescence, or non-
radiatively by defects, [134]. The measurement of the dependence of the
fluorescence spectra on excitation wave length can be used to determine the
chirality of the CNT within the sample. Metallic CNT do not show any
fluorescence.
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Raman modes, mechanical and thermal properties of CNT
One of the most important Raman modes is the radial breathing mode
(RBM), which is specific to CNT as no other carbon material has these
modes in that specific wave length interval. By using this method metallic
CNT can be detected in contrast to fluorescence spectroscopy. The exact
Raman shift of this oscillation depends on the CNT diameter. The Raman
modes of a CNT are increased, when the excitation wave length of the laser
corresponds to an optical transition. A two dimensional mapping, where
the intensity is laid to both the Raman shift and the excitation energy was
done by [135]. The highly energetic G-band is different for semi-conducting
and metallic CNT; this facilitates the quantitative determination of the
proportion of semi-conducting and metallic CNT within a sample. A further
important observation obtained from Raman modus is the shift of the G-
band caused by lattice defects. This can give evidence of the disorder of the
lattice. It is therefore called D-bands (see Figure 3.13).
Synthesis of CNT
Arc-discharge, laser ablation, chemical vapour deposition (CVD), CNT and
pyrolysis methods have been used for the synthesis of CNT. CNT synthe-
sised using the CNT method show very good dispersion properties. After
synthesis, the tubes have to be purified to remove catalysts, carbon and
graphene impurities. It is still not possible to synthesise CNT of a spe-
cific chirality, conducting behaviour, diameter or length specifically. The
SWCNT in the form of a bundle (powder) used in this work were synthesised
by arc-discharge, have an average length of 5µm and an average diameter of
2 nm. In the method of arc discharge CNT are synthesised by nearing two
electrodes together under a low helium gas pressure (at least one is of high
purity graphite) and creating an arc between them (50-100A), which has
a temperature around 3000-4000◦C (see Figure 3.14). In the arc CNT are
formed. Another production method involves laser ablation. In a furnace,
which is heated up to 1200◦C, a pulsed laser is used to ablate material from a
target. The target consists of carbon and metal acting as a growth catalyst.
In the argon flow the CNT are transported to a cooled collector, see left
image in Figure 3.15. In comparison to the two previously described meth-
ods the plasma enhanced chemical vapour deposition (pe-CVD) operates at
low temperature around 700◦C and below. It uses a high frequency field
(13,56MHz to 2,47GHz) to generate the plasma. The substrate is placed on
the bottom electrode and the process gas flows from above. The substrate
is heated up to synthesis temperature and the plasma is then ignited, see
right image in Figure 3.15. The process gases used for CNT synthesis are
methane (CH4), ethane (C2H2) and hydrogen (H2). By using CVD it is
possible to synthesise va-CNTs, see Figure 3.16. These have many applica-
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tions. In this work they play a key role within the solar cell structure. In
contrast to pe-CVD the vapour phase growth (VPG) method uses another
gas to support synthesis with metal catalyst for CNT growth. This synthe-
sis process is constantly supported with synthesis material for CNT growth.
Hence, very long process times can be achieved resulting in large scale CNT
production. In the VPG method the metal catalyst boat and reaction gas
injection are placed on opposite sides. This ensures that the vaporized metal
can be cooled down to form nanosized particles in the furnace and serve then
as growth catalysts in combination with the process gas for CNT synthesis.
With both the pe-CVD and VPG methods CNT of high crystallinity can be
synthesized.
3.4 Band diagram of va-CNT solar cell
The efficiency of organic solar cells is strongly limited by their insufficient
absorption in the near infra red spectral range and by their low charge
carrier mobilities. The latter handicap can be overcome by using CNT.
In addition, the CNT are expected to act as an acceptor, see [138], [139],
[140]. From a certain perspective CNT can be considered to be the longest
fullerenes, which are a very common acceptor material. The band diagram
of the va-CNTsolar cell is explained in the following. The values for the
diagram are taken from literature [141]. As previously discussed in chapter
2, the working principle of organic solar cells is based on the alignment of
the molecular orbitals of the donor and acceptor. This enables ultra-fast
interfacial charge transfer. A good overview of the band scheme of a CNT-
dye solar cell can be found in [142]. A general view of the band diagram is
shown in Figure 3.17. The work-function of pristine CNT are in the range
of 3.7eV-4.8eV [144], [133], and [145]. The used CNT-dye blends are con-
sidered to form an interpenetrating network. This means that to a good
approximation all CNT are in electrical contact with each other and the
Fermi-levels align with all other CNT. Consequently, as the metallic tubes
constitute one third of all the tubes they dominate the electrical behaviour
of the CNT blend. Therefore, it is possible to model this layer with metallic
tubes in the band diagram, where the Fermi-level equals the work-function.
The polymer P3HT can be assumed to behave as a p-type semiconductor as
its hole mobility is much higher than its electron mobility. Therefore, the
junction of the P3HT-CNT blend can be considered to be a semiconductor-
metal junction [142]. If these two materials are brought into contact with
each other, the differences in the electrochemical potentials initiate a charge
transfer process until these potentials are in equilibrium. As the Fermi level
of the polymer is energetically lower than the Fermi-level of the CNT, elec-
trons flow from the CNT to the polymer. As a consequence of this flow both
materials lose their charge neutrality with the polymer being negatively- and
the CNT positive-charged. The accumulated charges change the position of
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the Fermi-level of the polymer, which becomes more negative. As the avail-
able states per unit energy in the nanotube (metal) far exceeds the available
states per unit energy in the polymer, the excess of holes on the CNT do not
influence the Fermi-level of the CNT and it stays at its initial level. This
means that when both materials are brought in contact, the Fermi-levels
equalize to the initial level of the CNT. The accumulated negative charges
on the polymer change its charge carrier concentration. As a consequence
the Fermi-level is shifted upwards to the negative [142].
The charge transfer process (for equilibration of the different electrochemical
potentials) creates an electric field at the polymer-nanotube interface. This
built-in field (qΦb) can help to split up excitons, if this field is bigger than
the exciton binding energy (based on the coulomb interaction of the hole in
the HOMO and the electron in the LUMO).
The thickness of a depletion layer can be expressed as (for a one-sided abrupt
junction) [64]:
W = 2LD
√
2 (βVbi − 2), (3.8)
where β = q/kBT , q is the electronic charge, kB is the Boltzmann constant,
T the temperature, Vbi is the interface band bending where
Vbi = EF,P − EF,n = 4.8− 4.5 = 0.3
and LD is the Debye length. The Debye length is a characteristic length for
semiconductors and can be expressed as:
LD =
√
εε0kBT
q2N
=
√
εε0
qNβ
, (3.9)
where ε is the dielectric constant of the dye, ε0 is the vacuum dielectric
permittivity and N is the carrier concentration. The depletion layer width
can be calculated to be:
W = 2LD
√
2 (βV0 − 2)
W = 2LD
√
2 (38.68 · 1.3 − 2)
W = 2LD
√
2 · 48.29
W = 2LD · 9.83
W ≈ 20LD.
The Debye length is proportional to the carrier concentration as
LD ∝ 1√
N
.
Therefore, the Debye length drops by a factor of 2.82 per decade of the
doping concentration. For a carrier concentration of around 2 · 1016cm−3
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and a dielectric constant of 6.5 [146] the Debye length can be calculated to
be:
LD =
√
1.44 · 10−12m
1.602 · 10−3
LD ≈ 10nm.
This yields a depletion width of 200nm. The thickness of a CNT-dye solar
cell device is in the range of 100nm - 200nm. As the band bending and de-
pletion zone width is smaller than the layer thickness the physical properties
of this structure can be approximated as a charged capacitor [147], as the
band bending and depletion zone is smaller than the layer thickness. The
CNT-polymer junction can be assumed to be an insulator-metal junction.
In this model the built-in voltage (Φbi) equals the difference of the valence
band of the polymer and the Fermi-level of the metal (CNT). This is also
equal to the barrier height (Φb) at the insulator-metal interface and can be
expressed as:
Φb =
ΦCNT −HOMODye
q
. (3.10)
For the CNT-P3HT combination equation (3.10) becomes:
Φb =
4.5 eV − 5.1 eV
1 eV
= 0.6 eV,
which is 0.1eV ... 0.3eV larger than the reported exciton binding energy
for P3HT (Eexc 0.3eV ... 0.5eV [148]). Consequently, charge transfer (after
exciton separation) at the CNT-dye interface can be assumed to occur. The
use of a va-CNT array ensures that at least one CNT of the array is placed
within the exciton diffusion length of any point of the polymer as the average
distance between two CNT is around 15nm (so every exciton has to diffuse
7.5nm within the polymer to reach the polymer-nanotube interface). If an
electron is accepted on the CNT it can tunnel, with the presence of an
external field of:
Ejunc >
Eexc
q · rexc ,
where rexc is the diffusion length of the exciton (usually around 10nm). This
means that with the application of an electric field, excitons can be dissoci-
ated several The band diagram of the va-CNT solar cell is shown in Figure
3.18. Catalyst material (iron) from bottom growth of va-CNTs are included
in the band diagram.
3.5 Summary
In this chapter the donor and acceptor materials where introduced, which
were intensively studied in this study. Some common analysis methods of the
specific materials were explained. The band structure of the 3-dimensional
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solar cell using vertically aligned carbon nanotubes was given. The fabrica-
tion of such a (prototype) device is the main objective of this study.
58
Materials 3.5 Summary
Fig. 3.6: Structure and UV-vis spectra of the different copper phthalocyanines. Left:
structures of a) CuPc, c) CuPc-TS, and e) CuPc-DMA. Right: UV-vis
spectra of b) CuPc, and d) CuPc-TS (images a) and b)taken from [95]
(reprinted from Publication Solar Energy Materials and Solar Cells, Vol.
93, Issue 1, S. Rajaputra, G. Sagi, V. P. Singh, Schottky diode solar cells
on electrodeposited copper phthalocyanine films, 60, c©(2009), with per-
mission from Elsevier), images c) and d) taken from [96] (reprinted from
Publication Journal of Molecular Catalysis A: Chemical, Vol. 267, Issues
1-2, K. M. Parida, N. Baliarsingh, B. S. Patra, J. Das, Copperphthalocya-
nine immobilized Zn/Al LDH as photocatalyst under solar radiation for
decolorization of methylene blue, 202-208, c©(2007), with permission from
Elsevier), image e) taken from [97]).
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Fig. 3.7: Possible route of the for morphology forming process (image taken from
[103]). 100, 010, 001 are hole transport directions along molecular
planes.
Fig. 3.8: Structure and UV-vis spectrum of rr-P3HT. Left: structure (image taken
from [25]), right: UV-vis spectra, image taken from [104] (reprinted
from Publication Thin Solid Films, Vol. 483, Issues 1-2, A. Watanabe,
A. Kasuya, Effect of atmospheres on the open-circuit photovoltage of
nanoporous TiO2/poly(3-hexylthiophene) heterojunction solar cell, 358-
366, c©(2005), with permission from Elsevier).
Fig. 3.9: TEM images of the described possible shapes of CNT described in the
text. a) multi-walled CNT, b) single-walled CNT c) multi-walled CNT,
and d) multi-walled CNT. Images a)-c) taken from [124] (reprinted by
permission from Macmillan Publishers Ltd: [Nature] (Vol. 354, Issue 6348,
S. Iijima, Helical microtubules of graphitic carbon, 56 - 58), c©(1991) by
the Macmillan Publishers Ltd, image d) taken from [126].
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Fig. 3.10: Band structures and chirality. a) scheme of the band structure for metals,
semi-metals, semiconductors and insulators. b) chirality of a CNT. The
rectangle 0AB’B defines the unity cell of a (4,2) CNT.
Fig. 3.11: a) Calculated band structure of graphene, image taken from [127] (Y.
J. Dappe, R. Oszwaldowski, P. Pou, J. Ortega, R. Perez, and F. Flo-
res, Physical Review B, 73, Issue 23, 2006. c©(2006) by the American
Physical Society). b) Brillouin-zone indexed with K, M and Γ points. c)
directions of metallic conductivity (for calculated band structure of a)).
d) Brillouin-zone of a (4,4) CNT (left) and of a (4,0) CNT (right).
Fig. 3.12: Left: absorption spectra of a SWCNT dispersion with the help of
T30DNA. The M or S peak corresponds to metallic or semi-conducting
SWCNT. The transition itself is indexed with 11 or 22 corresponding to
the first or second vHS. Right: corresponding DOS.
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Fig. 3.13: Raman spectra of several CNT samples. The red spectra corresponds to
the right axis (also red), all other spectra correspond to the left axis. D
and G bands clearly determine CNT.
Fig. 3.14: Arc discharge synthesis of SWCNT and MWCNT shown at the top, below
images of single- and multi-wall nanotubes. Image taken from [136].
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Fig. 3.15: Two different synthesis methods. a) Scheme of synthesis of SWCNT and
MWCNT using laser ablation. b) pe-CVD synthesis of SWCNT and
MWCNT. Image a) taken from [136], image b) taken from [137].
Fig. 3.16: Image of a va-CNT forrest. Left: overview. Right: magnification of the
overview.
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Fig. 3.17: This scheme illustrates the band diagram of a polymer-CNT solar cell.
Image inspired by [143].
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Fig. 3.18: Scheme of the band diagram of the va-CNT solar cell. The work function
of the CNTs is assumed to vary in the range reported by literature.
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4. SOLUTION PROCESSED ORGANIC SOLAR CELLS
Solution processed organic solar cells offer a large advantage with their ap-
plicability to roll-to-roll fabrication. This offers the opportunity for the easy
low-cost manufacture of large scale photovoltaics (PV) devices using a print-
ing technique. However, for this to be effective the wetting properties have
to be studied in order to ensure adhesion of the solution on the appropriate
flexible substrate.
4.1 Solvent based coating
The following sections dealing with the theory of wetting base upon [149].
4.1.1 Wetting
In order to enlarge the surface of a material by an amount dA, a specific
amount of work, dw, has to be done:
dw = γ · dA, (4.1)
where γ is called the surface energy (for solids) or the surface tension (for
liquids). The work needed to create the surface also contributes to the free
energy, dF, of the system:
dF = −S · dT − p · dV + γdA, (4.2)
where S is the entropy of the system, T the temperature, p the pressure
and V its volume. According to the laws of thermodynamics, every system
maximizes its entropy under certain boundary conditions. This translates
to a minimum of the Gibb’s free enthalpy G. If the surface area decreases at
constant temperature and volume, the free energy, dF, decreases. Liquids
always try to get the smallest possible surface area for that reason and
e.g. form droplets. The surface energy of a material determines the energy
expenditure needed to decrease its surface area. As the surface energy is
physically based on the interaction of the surface molecules, it is determined
by the intermolecular forces of these surface molecules. The surface energy
is not measured directly but via an analysis of the contact angle of specific
liquids on the surfaces [149]. Properties like polarity, hydrophilicity and
surface impurity can be determined. At the three phase point of liquid,
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Fig. 4.1: Wetting of a surface determined by the contact angle θ, σS is the surface
energy of the substrate, σL is the surface tension of the liquid, and σLS is
the interfacial energy. Image taken from [150].
solid and gas the equilibrium of forces determines the contact angle (CA),
θ, as shown in Figure 4.1. Generally, θ decreases with increasing surface
energy for the same liquid as the interfacial energy decreases. The relation
between CA and surface energy is given by Young’s equation:
γs = γsl + γl cos θ, (4.3)
where γs is the surface energy of the solid, γsl is the interfacial energy and
γl is the surface tension of the liquid. Equation (4.3) determines the surface
energy in vacuum. However, the difference between the surface energy in
vacuum to that at atmosphere pressures (π = γs − γsv) can be neglected.
The energy needed to remove a droplet from a surface is called the adhesive
work, Wa and is expressed according to Dupre as:
Wa = γs + γl − γsl. (4.4)
Adhesive forces can also be calculated by measuring the CA, when equation
(7.1) and (4.4) are combined:
Wa = γl (1 + cos θ) . (4.5)
Hence, the surface tension of the liquid has to be known in order to calculate
the adhesive forces [149]. The adhesive forces occurring at the interface
are mainly due to either be permanent or induced dipoles. These dipoles
generate electrostatic fields around the molecule which are the cause of the
electrostatic forces. Permanent dipoles exist due to the difference in the
electronegativity of the single atoms of the molecule, which in many cases
involve hydrogen bridge linkages. Induced dipoles can either be generated by
interaction with an outer molecule or be based on the time dependent charge
distribution within the electron cloud of the molecule. These induced dipoles
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interact with their neighbouring molecules and induce dipoles in them. The
interaction forces are called London forces and are a dispersive interaction.
On the basis of the different interaction forces, the adhesive force can be
divided into its polar and dispersive fraction [149]:
Wa =W
d
a +W
p
d . (4.6)
The dispersive term W da comprises the London forces. They occur at every
phase interface. The polar fraction only appears when polar molecules exist
at the interface. In a similar manner to the adhesive forces, the interfacial
energies occurring at the interface, γi, can be divided into their dispersive
and polar fractions [149]:
γi = γdi + γ
p
i , (4.7)
where γdi and γ
p
i are the dispersive and polar fractions, respectively. By
assuming that the adhesive energy can be divided into its specific fractions
the interfacial energies yields [149]:
Wa = f
(
γd1 , γ
d
2
)
+ f (γp1 , γ
p
2 ) . (4.8)
A good overview of all the theories used to describe the various expressions
linked to the interfacial energies is given by [151]. According to Fowkes [152]
only the dispersive parts of the surface energy influence the adhesion at the
interface and the adhesive work, Wa, can be expressed using the geometric
mean as:
Wa = 2
√
γds , γ
d
l . (4.9)
In order to improve the wetting behaviour surfaces are often treated using
chemicals or plasma. In these cases a polar interaction at the surface takes
place and the approach by Fowkes is no longer applicable. The approach
by Owens, Wendt, Rabel and Kälbe (OWRK) fits these cases much better,
because it distinguishes between the polar and dispersive fractions. The
adhesive work is then expressed as:
Wa = 2
√
γds · γdl + 2
√
γps · γpl . (4.10)
Combining equations (4.10) and (4.5) yields:
γl (1 + cos θ) = 2
√
γds , γ
d
l + 2
√
γps , γ
p
l . (4.11)
Equation (4.11) can be transposed by dividing with 2 ·
√
γdl in order to get
a linear equation of the following form:
γl√
γdl
· 1 + cos θ
2
=
√
γps
√
γpl
γdl
+
√
γds . (4.12)
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By using equation (4.12) it is possible to calculate the polar fraction of the
surface energy γps from the slope of the curve and the dispersive fraction of
the surface energy, γds from the axis intercept of the same curve, if the two
values are known:
1. the surface tension of the two different liquids, and
2. the CA of these two liquids on the surface.
The chosen method for the CA studies in this work is the OWRK method.
4.1.2 Spin coating
Spin coating first received scientific interest at the same time as the anor-
ganic semiconductor industry developed in the mid 1950’s. Many factors
contribute to the spin coating process, of which some are coupled [153]. The
main parameters can be placed into four groups [153]:
• Fluid: density, viscosity, polarity, dye, dye concentration, and surface
tension,
• Spin process: speed, acceleration, and ramp control sequence,
• Atmosphere: composition (solvent - air), temperature, humidity and
relative speed in comparison with the chuck (coupled-motion), and
• Substrate: surface roughness, substrate temperature, surface energy,
and substrate size.
The spinning speed has the strongest impact on the control of the spin
coating process. The speed of the substrate (measured in revolutions per
minute (rpm)) is correlated with the size of the radial force, the velocity
and the turbulence of the atmosphere above the fluid. In particular, the
best layer deposition can be achieved if the air in the deposition chamber
rotates along with the chuck. In this case, there is no relative velocity of
the atmosphere above the wetted substrate which can generate turbulence.
The highest used speed step of the spin process mainly defines the film
thickness. A variation of ±50rpm yields a 10% film thickness variation
[153]. The ratio between the rotation speed (causing the radial force) and
the drying rate of the fluid also influences the layer thickness. The latter
affects the viscosity of the remaining fluid on the substrate. After a specific
process time, the viscosity and the radial force equilibrate so that the layer
thickness will not decrease significantly with an increased spinning time.
The acceleration of the rotational speed provides the fluid with a twisted
force which improves the dispersal of the fluid on the surface. Keeping the
spin atmosphere saturated by the chosen solvent yields a slower drying rate.
This improves the film thickness homogeneity on the substrate [153].
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Spin coating theory
For the application of a theory to the spin coating process the three following
approximations are often made [154]:
• horizontal rotating plane,
• gravitational homogeneity of the liquid layer, and
• no Coriolis force.
The first assumption ensures that no radial gravitational component influ-
ences the process. The second point means that the liquid layer is so thin
during the coating process that gravitational differences have no influence.
The last point means that the radial velocity must be small enough to ne-
glect Coriolis forces. In addition, further approximations are used in order
to simplify the problem even more: the liquid layer is radially symmetric
and the fluid itself is Newtonian, the rotating plane is infinite large; the
surface is completely wetted by the liquid and the shear resistance is only
appreciable in the horizontal plane [154]. As solvent evaporation during the
coating process cannot be neglected it is introduced by starting with the
case of there being no evaporation in the process followed by extending this
approach with an increasing level of evaporation.
No evaporation
The basic physics explaining spin coating in the case when evaporation is ig-
nored was considered by [155]. Figure 4.2 shows the scheme of spin coating.
On the basis of the previous assumptions and that the variable z, which is
Fig. 4.2: Spin coating scheme, image taken from [154].
at right angles to the substrate, is set to zero at the substrate surface the
following is obtained
− η∂
2v(r)
dz2
= ρω2r, (4.13)
where η is the viscosity, ρ the density of the liquid, ω the rotational speed,
r the radius of the substrate and v the radial velocity. By substituting the
quotient ηρ = β, where β represents the kinematic viscosity, into (4.13) then
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[154]:
− β∂
2v(r)
dz2
= ω2r. (4.14)
Integration of equation (4.14) by taking into account the boundary condi-
tions of v=0, z=0 and dvdz = 0 (at the free surface, where no shearing force
occur), gives
v =
1
β
(
−1
2
ω2rz2 + ω2rhz
)
, (4.15)
where h is the actual liquid layer thickness. The radial flow of the fluid over
the substrate, q, can be determined by integration over z. Combining this
with the continuity equation given by
r
∂h
∂t
= −∂ (rq)
∂r
(4.16)
yields the following differential equation for the thickness of the liquid film
on the substrate as a function of time as [154]:
∂h
∂t
= −K 1
r
∂
∂r
(
r2h3
)
, K =
ω2
3β
. (4.17)
Equation (4.17) implies that a thick layer of liquid thins faster than a thin
layer upon rotation, which results in uniformity for non-uniform initial films.
By using the total derivative for equation (4.17)
dh
dt
=
∂h
∂t
+
∂h
∂r
· dr
dt
yields
dh
dt
= −2Kh3, dr
dt
= 3Krh2
(4.18)
with the specific solutions:
h =
h0(
1 + 4Kh20t
) 1
2
, r = r0
(
1 + 4Kh20t
) 3
4 , (4.19)
where h0 and r0 are the initial layer thickness and coordinate on the sub-
strate, respectively [154]. Equation (4.19) gives the values of the parameters
r and h at any point on the substrate. Further analysis of this issue shows
that by considering the time and radius dependence of different fluid distri-
butions, the film homogeneity increases for increasing spin time, [155].
Constant evaporation
As the solution evaporates it causes the precipitation of the dissolved ma-
terial due to supersaturation, subsequently a homogenous film is formed in
the spin coating method. The evaporation of solvent yields an increase in
the time dependent concentration, c(t), of the dissolved material. As the
liquid layer thickness, h, is independent of the radius, r, the increase in con-
centration is also uniform for uniform films across all of the substrate. This
allows for the application of the following additional approximations [154]:
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• concentration, c(t), is independent of h,
• volume of liquid solution equals volume of solvent plus dissolved ma-
terial, and
• evaporation rate correlates only with rotation.
Two definitions can be created from these approximations: firstly by using
a volume per unit area of liquid, L, and of solid, S, the time dependent
concentration, c(t), becomes c(t) = SS+L and, secondly, the time dependent
layer thickness of the liquid, h(t), becomes h(t) = S +L [154]. On the basis
of the constant evaporation the initial film thickness reduces uniformly but
the thinning rate differs according to a new variable, the evaporation rate,
e, [156]. By using this rate, the change of L and S can be expressed as [156]
dS
dt
= −c1
r
∂ (rq)
∂r
= −2Kh3c
dL
dt
= −2Kh3 (1− c)− e.
(4.20)
In principle, this system of equation can be integrated, which means the
integration of the rates from the initial film thickness and concentration
values until L = 0 (when only the solid film remains on the substrate).
These equations were solved numerically by Meyerhofer (as they cannot be
solved analytically), with the help of empiric values and relationships for
the viscosity and concentration so that:
β = βsolvent + βsolids · cγ , (4.21)
where γ is assumed to be 2.5 for photoresists [156]. Meyerhofer further
determined that for high spinning speeds the final layer thickness depends
only on the spinning speed. This allows the division of the spin process into
two parts, where in the first viscous forces dominate the film thickness, and
in the second fluid flow stops and solvent evaporation dominates. When
the point evaporation and viscous flow rate are equal the film gels on the
substrate. This can be expressed as [156]
(1− c) = 2ω
2h3
3β
= e, (4.22)
where c ≈ c0 and β ≈ β0 as the concentration of the solution is constant
up to this point. Beyond this point the liquid flowing off the substrate is
negligibly small and the layer thickness is given by [156]
hf = Sf ≈ c0h 1
2
≈
(
3β0e
2ω2 (1− c0)
) 1
3
c0. (4.23)
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The evaporation rate, e, is proportional to the air flow rate above the sub-
strate, which is proportional to the square root of the spin speed [157].
Therefore,:
hf = kspincoaterc0 (1− c0)−
1
3 ω−
1
2β
1
3
0 , (4.24)
where kspincoater is a constant that has to be measured for every spin coater.
The dependence of the final layer thickness on the inverse of the square root
of the spinning speed is in good agreement with experimental results [158].
A modification of this analysis was made by [158] in order to eliminate the
empiric constants in the equations. This was done by setting the rate of
evaporation to
e = kmass
(
x0A − x∞A
)
, (4.25)
where k is the mass transfer coefficient, x0A is the initial concentration of
solvent in the fluid and x∞A is the mass fraction of solvent in the coating
liquid that is in equilibrium with the mass fraction of solvent in the bulk
gas. Consequently, the thickness of the liquid film, hwet is given by
hwet =
[(
3β0
2ω2
)
kmass
(
x0A − x∞A
)] 1
3
(4.26)
and the thickness of the dry layer can be calculated as
hf = hwet
(
1− x0A
)
=
[(
3β0
2ω2
)
k˜mass
(
x0A − x∞A
)] 1
3
ω−
1
2
kmass = k˜massω
1
2 , k˜mass =

cDg
β
1
2
g ρ

(p∗AMA
RT
)
,
(4.27)
where Dg is the binary diffusivity of the solvent in the ambient gas, p∗A is the
vapour pressure of the pure solvent at temperature T, βg is the kinematic
viscosity of the ambient gas and MA is the molecular weight of the solvent
[158]. The dependence upon ω in this equation is explicit. Equation (4.27)
was derived from the mass transfer coefficient for the transport from the
surface of an infinite spinning disk to the surface of an infinite spinning
disk to the surface of semi-infinite fluid in laminar flow above it. This
relation has been coupled with the relation between vapour pressure and
mole fraction in an ideal solution, [159] [160] and [161]. These results have
been experimentally proven. The theoretical results are in good agreement
with experiment [162].
Spin coating troubleshooting
Several spin-coating related defects of the layer can occur, see Figure 4.3.
The examples shown were collected by [163]. Such defects were also present
relatively frequently in this work when using a new dye, sample preparation
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route, concentration of dye, or solvent. Some examples of these and possible
causes are [163]:
• air bubbles on the substrate surface (Figure a) in 4.3)
– air bubbles in the dispensed fluid (resin)
– dispenser tip manufacturing fault
• comets, streaks or flares (Figure b) in 4.3)
– fluid velocity (dispensing rate) too high
– spin bowl exhaust rate too high
– fluid dispensed too early
– speed and acceleration too high
– particles on substrate surface
– fluid not dispensed at centre
• swirl pattern (Figure c) in 4.3)
– fluid striking substrate surface off centre
– spin bowl exhaust rate too high
– speed and acceleration too high
– exposure time of liquid on the substrate too short
• centre circle (Figure d) in 4.3)
– incorrect chuck
• uncoated areas (Figure e) in 4.3)
– insufficient dispense volume
• pinholes (Figure f) in 4.3)
– air bubbles
– particles in fluid
– particles on substrate
If the spin coating parameters are chosen appropriately the layer deposi-
tion process works well and homogeneous layers are formed, as shown the
example in Figure 4.4.
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Fig. 4.3: Faulty spin coatings. Images taken from [163].
4.1.3 Layer thickness determination via spectroscopic ellipsometry
The layer thicknesses were measured by spectroscopic ellipsometry, which is
based on the change of polarization of a defined polarized radiation upon
transmission or reflection from an optically homogenous and isotropic layer.
The interaction of the radiation with the layer to be characterized is cor-
related with its material properties such as: thickness, complex refractive
index (n), or dielectric function tensor (ε(ω)) [164]. Usually, this method
can be applied to layer thicknesses of less than one nanometre up to several
micrometers. In the reflective experimental setup (typically) the emitted
light is first linearly polarized by a polarizer before meeting the sample after
which it is reflected. This reflected radiation passes through a second polar-
izer before hitting the detector. Both, the incident and the reflected beam
forms the plane of incidence by its polarization state, which is composed of
the s- and p-component. The first oscillates perpendicular and the latter os-
cillates parallel to the plane of incidence. What is measured by ellipsometry
is the complex reflectance ratio, ρ, which can be expressed by the amplitude,
Ψ, and its correlated phase difference φ. The amplitudes of the components
s and p are denoted by rs and rp respectively, when normalized to their
initial value after reflection. In ellipsometry the ratio of these two values is
measured which yields the complex reflectance ratio [164]:
ρ =
rp
rs
= tan (Ψ) eiϕ. (4.28)
tan(Ψ) is the amplitude ratio upon reflection, and Φ is the phase shift, or in
other words the difference in the phase of the light before and after hitting
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Fig. 4.4: Images of different organic layers on ITO substrate. The images were
taken with a light microscope. Left: CuPc-TS layer. The thickness is
60nm. Right: P3HT layer of 70nm thickness.
the sample. Nevertheless, as only the thickness of the simplest sample can be
measured directly with this method, a layer model has to be applied which
includes all the individual layers in the correct sequence. The layer thickness
is then obtained by a mathematical fit of the model to the measured results
[164]. A scheme of the ellipsometry setup is shown in Figure 4.5.
4.2 Sample preparation
Patterning:
The fabrication of the different types of organic solar cells by spin coating is
explained in the following. All substrates were prepared under clean room
conditions. The ITO substrates were purchased from Thin Film Devices Inc.
or from Flabeg GmbH. Substrates from Thin Film Devices Inc. are deliv-
ered already patterned. The other substrates had to be patterned before
cleaning. (The patterns of all ITO substrates can be seen in Figure 4.6).
The surface roughness parameters of the ITO substrates are Ra = 1.43nm,
Rms = 1.73nm, average height equals 7.18nm, and the maximum height
equals 13.6nm. atomic force microscopy (AFM) images show a domain-grain
structure. The crystal size is 15-20nm (see Figure 4.6). In order to texture
a substrate in the desired way with the help of acid, as ITO dissolves in hy-
drochloric acid (HCl) [166], a multi-step procedure had to be applied. Firstly,
the substrate had to be cleaned in a concentrated sulphuric acid bath for 3
minutes at room temperature (150mL for 50 substrates of 2.5cm2). Subse-
quently, the substrates were thoroughly rinsed with distilled water. Positive
photoresist (AR-P 5350) was then either dip coated or spin coated onto the
substrates. Dip coating involved the substrate being manually dipped into
the photoresist. Layer deposition via spin coating was done at 3500rpm for
30 seconds at a constant rotation rate of 500rpm/s. Afterwards, all samples
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Fig. 4.5: Scheme of spectroscopic ellipsometry. Image taken from [165]. Light which
is polarized parallel to the plane of incidence is called p-polarized and light
polarized perpendicular to the plane of incidence is called s-polarized.
were annealed for 4 minutes at 105◦C on a hotplate. The dip coated samples
were only partly coated with photoresist, where the coated area depended
on the immersion depth. Consequently, only one part of the ITO layer on
the sample was protected with photoresist. The substrates were put into
the HCl acid bath for 8 minutes (150mL for 20 substrates), after which the
uncovered ITO on the substrate was completely dissolved away. Following
the treatment of 20 samples in the 150mL HCl acid bath, the bath was
replaced with fresh HCl. The photoresist was washed away with acetone,
thus yielding a patterned ITO substrate. The pattern in this case was very
simple due to the simple process used. Much more detailed patterns were
produced with the spin coated samples. After deposition of the resist by spin
coating the substrates were illuminated for 5 seconds with UV light through
a shadow mask. Subsequently, the substrates were put in a developing bath
for 10 seconds. The developing bath (150mL) consists of a mixture of dis-
tilled water and AR-300-35 developer in the ratio of [2:1]vol% (150mL for
30 samples). The samples were removed from the developing bath after 50
seconds. The developing bath was freshly prepared after 30 samples had
been processed. This bath dissolves the illuminated parts of the positive
photoresist. After the development the samples were rinsed with distilled
water and dried in order to remove any water residues. Subsequently, they
were put into the HCl acid bath for 8 minutes in order to dissolve the ex-
posed ITO. This was followed by a rinsing step with distilled water and the
78
Solution processed organic solar cells 4.2 Sample preparation
Fig. 4.6: AFM measurements and pattering of the ITO substrates. a) and b) AFM
images of ITO substrate. The domain-grain structure is clearly visible.
c), d), and e) pattering of the ITO substrate. It is necessary to suppress
shorts.
removal of the photoresist in an acetone bath. After a thorough clean the
substrates were ready to be used in the spin coating process of the organic
solar cell fabrication.
Cleaning:
The cleaning procedure, which removes most of the impurities including
adsorbates, enhances the wetting properties and improves the electrical be-
haviour of the ITO-poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(Pedot:PSS) interface. These impurities create interfacial states, e.g. surface
dipoles, which affect the electrical properties of the junction and hinder the
current flow though this interface. The manually patterned and the already
patterned purchased samples were cleaned in the same way before the spin
coating process. The established cleaning techniques involve:
• plasma-cleaning,
• ozonizing, and
• wet cleaning.
The solutions used for wet-cleaning employed in this work are of VLSI qual-
ity. The substrates were cleaned using the following routine ( inspired from
[167]):
• removal of adhering glass-particles with the help of acetone and a lint
free tissue (glass-particles remain from a previous cutting step),
• placement of 15 samples vertically in a teflon sample holder,
• ultrasonic bath for 10 minutes at 60 ◦C in a 3 vol.% mixture of de-
ionized water and Mucasol c©,
• thorough rinse with deionized water,
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• ultrasonic bath in a mixture of 1:1 vol.% ethanol and methanol for 10
minutes,
• thorough rinse with deionized water,
• ultrasonic bath in acetone for 5 minutes at 40◦C,
• thorough rinse with deionized water, and
• drying of the samples under nitrogen flow.
There are many variants of this wet-cleaning procedure. In some cases they
include a plasma cleaning step. In my case, 15 substrates were placed ver-
tically into a teflon c© sample holder and sonicated for 15 minutes in a 3%
aqueous solution of Mucasol c© (an industrial glass detergent) at 40◦C. Sub-
sequently, they were rinsed thoroughly with distilled water and sonicated
in an acetone bath for 10 minutes at 40◦C. Following this they were rinsed
with distilled water and sonicated in an isopropanol bath for 10 minutes
at 40◦C. Finally, the substrates were rinsed with distilled water and dried
under a nitrogen flow. After the wet-process the samples were placed in
a plasma chamber in order to purify the samples with an oxygen plasma.
As the chamber is designed for 300mm silicon wafers the reported plasma
treatment procedures had to be modified. A suitable plasma treatment was
achieved for an applied power of 400W (He=15sccm, O2=50sccm, p=1 ·10−5
bar) and a 10W reflected power for 600 seconds (sccm=standard cubic cen-
timetres). The plasma treatment affects the electronic properties of the ITO
layer. The plasma treatment can cause unbalanced charge carrier mobilities,
injection barriers, traps or unwanted doping in the ITO layer, which would
yield a decrease in the current flow through this interface.
Pedot:PSS
At the present time almost every electrode made of a TCO is covered with
a Pedot:PSS layer when used in an organic solar cell. The Pedot:PSS forms
a favourable quasi-ohmic contact with the TCO, which establishes a low-
resistance path for the positive charge carriers from the organic material
to the anorganic TCO. The company H.C. Starck supplies several special
grades of Pedot:PSS. Each is optimized for its particular field of application.
The grade CLEVIOSTM HTL SOLAR is especially developed as a buffer
layer for organic solar cells. In this work the electronic-grade CLEVIOSTM
P VP AI 4083 was used as a hole-collection layer and for anode planariza-
tion due to its high work function. An additional benefit of the buffer layer
is the associated reduction in the number of electrical shorts. Before the
Pedot:PSS is deposited onto an ITO surface filtering of the dispersion is
necessary. The filtering procedure removes residual agglomerates and par-
ticles. Good filtration results were obtained by using a syringe equipped
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with a 0.45µ Millex 25 polyvinylidene fluoride (PVDF) filter. A hydropho-
bic filter membrane like polytetrafluorethylen (PTFE) is more or less useless
for this purpose as the Pedot:PSS is in an aqueous solution. The plasma
assisted cleaned samples showed much better wetting properties than the
samples which were cleaned only with liquids. The Pedot:PSS solution was
sonicated in an ultrasonic bath for 40 minutes at room temperature prior to
spin coating. This pretreatment prevents comets (or flares or rather streaks)
on the spin coated layer. On the cleaned ITO substrate Pedot:PSS was usu-
ally spin coated at 4000rpm for 120 seconds and dried on a hotplate for
10 minutes at 110◦C. The Pedot:PSS layer thickness varied in the range of
60nm-100nm. Due to the Pedot:PSS films being hygroscopic, the samples
were either quickly processed further or handled in a moisture-free atmo-
sphere for further layer deposition.
4.3 Polymer solar cells
As discussed in Chapter 2, the exciton binding energies are in the range of
0.1eV to 2eV based upon strong phonon coupling [60], [168], and[169]. Or in
other words: an electric field in the range of 106V/cm is sufficient to cause
exciton separation. For geminate pair separation 105V/cm is required [170].
Charge generation and separation is mandatory for organic photovoltaic de-
vices [171]. The material combination of the polymer P3HT, and acceptors
such as C60 and PCBM meets these requirements. The layer thickness of the
Pedot:PSS layer was 100nm. Also the layer thicknesses of the P3HT layer
and of the P3HT:PCBM blend layer were 100nm. The aluminium layer was
150nm thick. The layer thicknesses of these layers stood unchanged for all
presented polymer solar cells.
4.3.1 Photoconductivity
The photoconductivity of various samples has been measured. The mea-
sured values differ from those reported in literature due to contamination
by air and impurities during the lab-to-lab transportion of the semi-finished
samples.
4.3.2 P3HT:PCBM
Frequently, organic solar cells are fabricated with the donor-acceptor mate-
rial combination P3HT and PCBM, respectively. Such a combination was
tested in order to form a comparison with previous studies, a base line for
this work and to develop the methods needed for new cell architectures.
The P3HT:PCBM solar cell was spun-on patterned ITO substrates covered
with a Pedot:PSS layer and deposited with an aluminium or silver top elec-
trode. In order to improve the wetting properties every ITO substrate was
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sample voltage
current
dark illuminated
Au-SWCNT-Ag
1V 4.12mA
2V 8.4mA
Au-CuPcTS-Ag
10V 4pA 6pA
20V 15pA 15pA
Au-CuPcTS-Ag 5V 60nA 60.5nA
Au-Pedot:PSS-CNT 5V 50µA 50µA
Au-Pedot:PSS-CNT-Ag 5V 9.2mA 9.2mA
Au-Pedot:PSS-Ag 5V 5.7µA 5.9µA
Au-CNT:CuPc-Ag
5V 30nA 30nA
0V 200pA 175pA
Tab. 4.1: Photoconductivities of various samples.
plasma treated in a plasma chamber. The electrical properties of solar cell
devices have been reported to be very sensitive to oxygen doping or plasma
treatments of the ITO substrate, [172], [173], [174], [175], and [176]. These
treatments can cause unbalanced charge carrier mobilities, injection barri-
ers, traps or unwanted doping which would yield a s-shaped J-V dependency
in dark-conditions, see Figure 4.7. Under illumination diodic behaviour is
found. The obtained current under illumination is two orders of magnitude
larger than obtained under the dark condition. Many charge carriers are
within the bulk. Space charge accumulation is expected to be enhanced by
any unbalanced charge carrier transport properties, or barriers at interfaces
yielding field weakening causing a drop in the photo current. Although the
dependency should be more s-shaped under illumination, the opposite hap-
pens. This implies that the photo induced charge carriers bypass the barrier
during the extraction or injection of charge carriers. According to [172] a
long oxygen plasma treatment causes the elimination of the photo current
in the J-V dependency. If the device has just this defect, the measured J-V
behaviour should be that of a good diode. Such a J-V behaviour is shown
in Figure 4.7.
The sample preparation conditions had an unpredictable impact on the man-
ufactured devices. Each prepared sample had to be transferred between two
institutes for the deposition of the metal top electrode. This lead to an
alteration and contamination of the device. In particular, the surface of the
active layer was crucially exposed and contaminated. The top electrode was
deposited onto this surface in the next step of fabrication which yielded un-
predictable surface states. In addition, these surface states (oxidized organic,
impurities, dipoles) cause energy mismatch or barriers at the interface to the
electrode layer. This results in a variation of the efficiency on the same sub-
strate (up to 50 single solar cells were deposited on one ITO glass substrate).
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Fig. 4.7: P3HT:PCBM Diode. Under dark conditions a s-shape curve occurs. Un-
der illumination diodic behaviour still exists but with much larger current
densities.
The metal top electrode was directly deposited onto the organic active layer.
However, a buffer layer has to be deposited in between these two layers. This
layer can consist of 4,7-Diphenyl-1,10-phenanthroline (BPhen), Lithium flu-
oride (LiF), or Alq3 with a thickness of several nanometres. In this study
BPhen was used for some samples.
In order to obtain more parameters from the measured J-V curves, math-
ematical operations were applied. The J-V curve was fitted with a tran-
scendental equation based on a single diode model of the solar cell under
illumination. This transcendental equation has no explicit analytical solu-
tion. Mathematical approximation methods have been used to address this
issue, [177], or the application of the prior knowledge of some parameters
like series resistance identifying the missing model parameters [178].
Theory of Lambert W function for solar cells
In order to get an explicit analytical solution, the Lambert W function has
to be applied:
z =W (z) expW (z), z ∈ C. (4.29)
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One limitation of using the Lambert W function is the influence of the noise
in the measurements, which reduces the precision of the extracted data, [179].
Polynomial curve fits (smoothing spline) to the measured J-V curves have
been used to smooth the curve. A filter of the noise was made by applying
a low degree polynomial fit, which avoided the Runge-Effect. Acquiring the
appropriate fit is crucial to obtaining good parameters. The current-voltage
behaviour for a single diode model of solar cells can be expressed as:
I = Iph − I0
[
exp
(
V + I ·Rs
n · Vth
)
− 1
]
− V + I · Rs
Rsh
, (4.30)
where I and V are the current and voltage, respectively, Iph and I0 are the
photo and saturation current, respectively, Rs and Rsh are the series and
shunt resistance, respectively, n the diode ideality factor, and Vth = kb ·T/q
is the thermal voltage (see Chapter 2.4). The solution of equation (4.30)
derived using the Lambert W function is, [180]:
I =
Rsh (Iph + I0)− V
Rs +Rsh
−nVth
Rs
W
{
RsRshI0
nVth (Rs +Rsh)
exp
(
Rsh (RsIph +RsI0 + V )
n · Vth (Rs +Rsh)
)}
,
(4.31)
where W denotes the short-hand notation of the Lambert W function. Ac-
cording to [181] the differential dV/dI can be expressed as:
dV
dI
= −A− B−V − C · I +D, (4.32)
where the parameters can be defined as:
A = Rs, B = nVthRsh, C = Rs +Rsh,
D = nVth +Rsh (Iph + I0) .
(4.33)
The first derivative dI/dV of the measured I-V curve can be expressed with
the help of equation (4.33) as:
dI
dV
= f
′
(V, I)
V + C · I −D
V · A+A · C · I −A ·D. (4.34)
In equation (4.33) four parameters A to D are defined in terms of the single
diode model. When the measured and calculated data (current at applied
voltage and the first derivative of the I-V curve) are fed into equation (4.33),
then the parameters A to D can be calculated. After the transposition of the
equation (4.32) the solar cell parameters expressed in terms of the variables
A to D are:
Iph + I0 =
D−B
Rsh
Rsh
= Z. (4.35)
Equations (4.30) and (4.35) form two equations and two variables (I0, Iph).
These yield:
Iph =
[
(V + C · I)
Rsh
− Z
]
· exp
(
−V + I ·Rs
n · Vth
)
+ Z, I0 = Z − Iph. (4.36)
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This method was applied in this work to obtain the solar cell parameters
from the measured J-V dependencies.
Software implementation
The software implementation of this analysis was made using Matlab. This
is briefly discussed in the following. The fit function "lsqnonlin" solves non-
linear least- squares problems including nonlinear data-fitting problems. By
using this approach the fitting of data with heteroskedasticity or homoskedas-
ticity can be supported with the addition of a weighting factor. This makes
the function even more suitable for the application. The function "lsqnonlin"
yields good results, if the starting points are appropriately chosen. Practi-
cally, a high value for C yields good fits, whereas setting the starting points
for A yields bad fits.
A possible explanation is that the dynamic of this nonlinear system is more
dominated by the parameter C.
Parameter A accumulates relatively many residues in its neighbourhood.
These residues yield a bad fit for the whole function.
In order to prove whether the calculated fits were in good agreement with
the measured data, the fitted curves were integrated using a trapezoidal
function. The integrated curve was then compared with the measured I-V
curve. The results obtained from such a comparison are shown in Figure
4.8. The band diagram of the following solar cells are shown in Figure 4.9.
The P3HT:PCBM devices have initial series resistances of 150Ω-250Ω. The
shunt resistances are one or two orders of magnitude larger than the series
resistance. The diode factor, n, is larger than 2 for the fabricated devices,
which can be related to occurrence of recombination centres within the ac-
tive layer. The J-V curves for such a device are shown in Figure 4.10 a). A
relatively small series resistance is observed, because the energy levels are
well aligned at the different interfaces. This also leads to the observed short
circuit current. In many cases the shunt resistance is larger than 1kΩ. The
large value here is due to good device properties. Low shunt resistances are
caused by highly conductive areas at the interfaces in the device leading to a
large leakage current. In these sample only the diode ideality factor n is out
of the range needed to obtain good solar cells. Normally, the diode ideality
factor varies from 1 to 2 ([182], [183], [184], and [185]). It is reported in the
literature that large values for n are due to recombination centres caused
by defects in the space charge layer [186]. Other groups have reported that
large values for n can originate from the shunt resistance, [187]. Another
explanation is that the value of n correlates with the recombination mecha-
nism, [188]. If recombination in the active area (depletion region) becomes
more dominant than the recombination in the charge carrier transport layers
(neutral regions, n ≈ 1) the value of n increases. In this case a large value
of n would indicate an increase of recombination centres in the depletion
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Fig. 4.8: The fit of the first derivative with the Lambert W function (solid line).
This was implemented in Matlab with the help of "lsqnonlin" and "fitfun".
region caused by shunts. Such a shunt can be formed during the fabrication
of the organic solar cell device. If the thermal annealing procedure was done
under a nitrogen atmosphere for 30 minutes at 150◦C the open circuit volt-
age increased from 62mV to 184mV, for the sample shown in Figure 4.10 b).
Figure 4.10 b) also shows an increase of all the resistances after a thermal
annealing treatment. In addition, the diode ideality factor increases. Such
degradation of all device parameters due to the thermal process indicates
that the device itself degrades. The same changes in the device parameters
occurs for all samples of this series, as can be seen in Figures 4.10 c) and 4.11.
The device parameters of this series before and after a thermal annealing
treatment are summarized in Table 4.2. In the next series of experiments
the top electrode was evaporated after transport from one lab to another.
Although the samples were treated very carefully, the devices showed low
photo currents. Nevertheless, the photocurrent is clearly detectable in the
electrical measurements under the condition of illumination (see Figure 4.12).
86
Solution processed organic solar cells 4.3 Polymer solar cells
Fig. 4.9: Band diagram of the studied solar cells. The sample architecture consisted
of ITO-Pedot:PSS-P3HT:PCBM-BPhen-Al. The P3HT:PCBM blend is
the active matrix.
4.3.3 P3HT:PCBM and evaporated C60
A combination of spin coating and thermal evaporation was used for layer
depositions in another series of experiments. The polymer Pedot:PSS, and
a polymer-PCBM layer were spin coated onto various ITO substrates. The
sample architecture consisted of ITO-Pedot:PSS-P3HT:PCBM. A C60 layer
was deposited onto the top layer of these samples. The C60 layer was 30nm
thick. The top electrode was subsequently deposited in the same thermal
evaporator. It consisted of a buffer layer (6nm BPhen) with a 100nm thick
aluminium metal layer on top. The thin layer of BPhen was deposited on
the active layer as a hole buffer layer. The band diagram of the follow-
ing solar cells are shown in Figure 4.13. The cell efficiencies varied from
η=0.12% to η=1% and the FF stays around FF≈0.3. The main difference
to the samples only fabricated by spin coating was the increased photocur-
rent in this series of samples. This is probably caused by the use of better
deposition conditions. The spin coated samples had to be transferred to
another laboratory for the deposition of the top electrode. Contrastingly,
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sample Rs [Ω] Rsh[kΩ] n fill factor (FF) Jsc [mA/cm2] Voc[V] η[%]
G21
as-is 246 77.89 4.04 0.29 -0.91 0.062 0.016
annealed 250 7.78 4.08 0.24 -1.21 0.184 0.053
G22
as-is 172 9.42 3.22 0.29 -0.98 0.061 0.017
annealed 767 12.17 3.93 0.24 -1.31 0.188 0.06
G23
as-is 176 4.08 3.24 0.29 -0.98 0.06 0.017
annealed 856 9.27 4.28 0.23 -1.20 0.191 0.054
G24
as-is 188 5.66 3.35 0.29 -0.99 0.063 0.018
annealed 1360 17.9 3.55 0.24 -1.01 0.229 0.057
Tab. 4.2: Overview of the characteristic values of the ITO-Pedot:PSS-P3HT:PCBM-
BPhen-Al samples.
the deposition of the top electrode can be done directly after the layer de-
position for the samples in which the organic layers are partly fabricated
by thermal evaporation. Hence, contamination of the organic top layer due
to air exposure during transportation and the handling of the sample can
be excluded. The J-V dependence of such a sample is shown in Figure 4.15
b). An increase in the photocurrent was the major difference between these
samples and those that were transported between labs for the deposition
of different layers. The short circuit current density is 2.6mA/cm2, which
is more than two orders of magnitude larger than the purely spin coated
samples. The open circuit voltage is 141mV , which is 2 to 4 times less
than the spin coated case. The samples were annealed for 30 minutes at
150◦C under a nitrogen atmosphere in this series of experiments. This ad-
ditional process yields an even higher photocurrent. This is most likely to
be caused by a phase transition and the segregation of the organic blend, as
determined by [189]. The phase transition causes nano crystallisation in the
layer. The segregation process yields percolation pathways for the respective
charge carriers. Both changes enhance the charge transport in the organic
blend. In particular, the short circuit photocurrent density of the sample
decreases from J = 5.97mA/cm2 to J = 5.03mA/cm2. This is accompanied
by an open circuit voltage increase from 0.12V to 0.53V. The thermal an-
nealing processes causes a 3 times increase in the open circuit voltage. The
corresponding J-V dependency is shown in Figure 4.15 b). The annealing
treatment leads to the roughening of the top electrode. Furthermore, the
C60 deposition appears yellow as shown in Figure 4.14. The impact of
thermal annealing to efficiencies and fill factor is shown in Figure 4.16. The
device performance is significantly improved by thermal annealing, if the
solar cells contain a C60 layer.
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sample Rs [Ω] Rsh[kΩ] n FF Jsc [mA/cm2] Voc[V] η[%]
G11
as-is 179 10.23 2.61 0.32 -2.86 0.108 0.08
annealed 222 13.381 3.56 0.44 -3.67 0.511 0.84
G12
as-is 188 5.66 3.35 0.33 -2.32 0.530 0.08
annealed 1360 17.898 3.55 0.43 -3.58 0.530 0.82
G13
as-is 150 9.96 3.29 0.32 -2.82 0.107 0.09
annealed 1786 16.27 3.39 0.39 -3.18 0.544 0.68
Tab. 4.3: Overview of the characteristic values of the ITO-Pedot:PSS-P3HT:PCBM-
C60-BPhen-Al samples. The thickness of the C60 layer is 30nm.
4.4 Small molecule solar cells
Small molecules are the other class of organic materials that can be used for
organic solar cells. The layer thickness of the Pedot:PSS layer was 100nm.
Also the layer thickness of the CuPc-TS layer was 100nm. The aluminium
layer was 150nm thick. The layer thicknesses of these layers stood unchanged
for all presented polymer solar cells.
4.4.1 CuPc
One intensively studied small molecule is CuPc. Its band gap of 1.9eV, [190],
is ideally suited to its use as a solar cell absorber material. According to the
Shockley-Queisser limit the ideal band gap should be around 1.7eV, [186].
Consequently, as in many previous studies this molecule and its derivatives
were chosen also for this study. The robustness of CuPc to weather, irradia-
tion, and absorption in the visible spectra makes it an almost ideal material
for OPV. The easiest way to fabricate a CuPc based solar cell is to de-
posit it onto a transparent electrode with a work function close to that of
the energetic level of the HOMO of the CuPc followed by the deposition of
another metal electrode on top of the CuPc layer. Although exciton quench-
ing occurs at the organic semiconductor-metal interface, there is also exciton
dissociation at a much lower rate at the same interface. The latter process
generates the photo current in this device so that it can work as an organic
solar cell (OSC). The first device with this structure (also known as the
Schottky-junction solar cell) was fabricated in 1981 by [191]. In this study
a water soluble functionalized derivative was used, CuPc-TS, instead of the
CuPc used by [191]. The architecture of the device in the work of [191] is
shown in Figure 4.17. CuPc-TS only. The band diagram of the following so-
lar cells are shown in Figure 4.18. The device performances of the first four
samples were the same. Their parameters did not differ much. The four
Figures 4.19 and 4.20 show the J-V dependency of the fabricated devices
under 1.5AM illumination. Not every sample acts as an OSC. Many of the
prepared samples simply work as diodes as shown in an exemplarily fashion
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sample Rs [Ω] Rsh[kΩ] n FF Jsc [mA/cm2] Voc[V] η[%]
D31 as-is 680 27.60 2.93 0.13 -0.076 0.324 0.003
D32 as-is 719 32.50 2.81 0.13 -0.065 0.333 0.002
D33 as-is 904 21.10 2.32 0.15 -0.055 0.284 0.002
D34 as-is 560 26.85 2.84 0.16 -0.04 0.107 0.002
Tab. 4.4: Overview of the characteristic values of ITO-Pedot:PSS-CuPc-TS-Al sam-
ples. Tempering destroys the samples.
sample Rs [Ω] Rsh[kΩ] n FF Jsc [mA/cm2] Voc[V] η[%]
D21 as-is 82 58.33 2.33 0.27 -0.46 0.038 0.005
D22 as-is 86 53.07 2.17 0.27 -0.43 0.028 0.003
D23 as-is 92 50.57 2.61 0.26 -0.27 0.021 0.001
D24
as-is 560 26.85 2.84 0.16 -0.04 0.107 0.002
annealed 292 24.28 4.12 0.36 -0.007 0.041 0.0001
Tab. 4.5: Overview of the characteristic values of ITO-Pedot:PSS-CuPc-TS-C60-
BPhen-Al samples. The C60 layer is 30nm thick. Tempering destroys
most of the samples.
in Figure 4.21. This particular device dependency can be interpreted in
terms of a two diode device. The energy level mismatch between the layers
results in barrier formation at every electrode interface. These barriers form
a Schottky-diode at the electrode-CuPc-TS interfaces. Unfortunately, these
barriers work against each other, which leads to the complete suppression
of the photocurrent as one of the two diodes always blocks the generated
photo current.
4.4.2 CuPc-TS and C60
This series of samples combined CuPc-TS and C60. The next four had a
30nm thick C60 layer. All showed similar properties to the previous ones,
although the current densities were smaller. The band diagram of the fol-
lowing solar cells are shown in Figure 4.22. Almost all these samples show
bad performance after tempering for 30 minutes at 150◦C. This is probably
caused by degradation processes of water residues in the CuPc-TS layer in-
teracting with the aluminium top electrode.
The following series of samples combine CuPc-TS and a 60nm thick C60
layer.
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Fig. 4.10: J-V curves of the fabricated organic solar cells. The device architecture
is ITO-Pedot:PSS-P3HT:PCBM-BPhen-Al. a)-c) Left: full graph of J-V
characteristics, where black corresponds to dark condition, red represents
under illumination and green corresponds to illumination after thermal
annealing. Right: magnification around the origin. The characteristic
values are summarized in table 4.2.
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Fig. 4.11: J-V curves of the last organic solar cell of this series of experiments. The
device architecture is ITO-Pedot:PSS-P3HT:PCBM-BPhen-Al. Left:
full graph of J-V characteristics, where black corresponds to dark condi-
tion, red represents under illumination and green corresponds to illumi-
nation after thermal annealing. Right: magnification around the origin.
The characteristic values are summarized in table 4.2.
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Fig. 4.12: Left: J-V characteristics of two ITO-Pedot:PSS-P3HT:PCBM-Al sam-
ples under illumination. The efficiency varies from 4.5 · 10−5% to
1.73 · 10−4%, the open circuit voltages are: Voc = 0.170V and Voc =
0.25V , the short circuit current densities are: Jsc = 0.003mA/cm2 and
Jsc = 0.00058mA/cm2. Right: zoom around the origin. Fill factor
around 0.30 are typically for these J-V curve shapes.
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Fig. 4.13: Band diagram of the studied solar cells. The sample architec-
ture consisted of ITO-Pedot:PSS-P3HT:PCBM-C60-BPhen-Al. The
P3HT:PCBM blend covered with a 30nm thick C60 layer is the active
matrix.
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Fig. 4.14: Visible effects of thermal annealing on the sample.
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Fig. 4.15: J-V curves of the organic solar cells of this series of experiments. The
device architecture is ITO-Pedot:PSS-P3HT:PCBM-C60-BPhen-Al. The
thickness of the C60 layer is 30nm. The devices form a BHJ-HJ structure.
Left: full graph of J-V characteristics, where black corresponds to dark
condition, red represents under illumination and green corresponds to
illumination after thermal annealing. Right: magnification around the
origin. The characteristic values are summarized in table 4.3.
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Fig. 4.16: Efficiencies and fill factors of P3HT:PCBM and P3HT:PCBM-C60 solar
cells before and after thermal annealing. Thermal annealing significantly
improved the device performance, if the solar cell contains a C60 layer.
Fig. 4.17: Scheme of the organic solar cell made with CuPc-TS and an aluminium
top electrode.
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Fig. 4.18: Band diagram of the studied solar cells. The sample architecture con-
sisted of ITO-Pedot:PSS-CuPc-TS-Al. The interface of CuPc-TS and
aluminium is the active matrix.
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Fig. 4.19: J-V curves of CuPc-TS solar cells. The device architecture is ITO-
Pedot:PSS-CuPc-TS-Al. Left: full graph of J-V characteristics, where
black corresponds to dark condition, and red represents under illumina-
tion. Right: magnification around the origin. The characteristic values
are summarized in table 4.4. Tempering destroys the devices.
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Fig. 4.20: J-V curves of a CuPc-TS solar cell. The device architecture is ITO-
Pedot:PSS-CuPc-TS-Al. Left: full graph of J-V characteristics, where
black corresponds to dark condition, red represents under illumination
and green corresponds to illumination after thermal annealing. Right:
magnification around the origin. The characteristic values are summa-
rized in table 4.4. Tempering destroys the device.
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Fig. 4.21: CuPc-TS diode. The mismatch of the energy levels at the two outer
electrodes yield the formation of two energy barriers and the device works
as double diode. Rs=149Ω, Rsh=1569Ω, n=4.42.
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Fig. 4.22: Band diagram of the studied solar cells. The sample architecture
consisted of ITO-Pedot:PSS-CuPc-TS-C60-BPhen-Al. The interface of
CuPc-TS and C60 is the active matrix. The C60 layer is either 30nm or
60nm thick.
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Fig. 4.23: J-V curves of a CuPc-TS solar cell containing a C60 acceptor layer. The
C60 layer is 30nm thick. The device architecture is ITO-Pedot:PSS-
CuPc-TS-C60-BPhen-Al. Left: full graph of J-V characteristics, where
black corresponds to dark condition, and red represents under illumina-
tion. Right: magnification around the origin. The characteristic values
are summarized in table 4.5. Tempering destroys the device.
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Fig. 4.24: CuPc-TS solar cell. The C60 acceptor layer is 30nm thick. The device ar-
chitecture is ITO-Pedot:PSS-CuPc-TS-C60-BPhen-Al. Left: full graph of
J-V characteristics, where black corresponds to dark condition, red rep-
resents under illumination and green corresponds to illumination after
thermal annealing. Right: magnification around the origin. The charac-
teristic values are summarized in table 4.5. Tempering badly stresses the
device.
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Fig. 4.25: CuPc-TS solar cell. The C60 acceptor layer is 60nm thick. The device ar-
chitecture is ITO-Pedot:PSS-CuPc-TS-C60-BPhen-Al. Left: full graph of
J-V characteristics, where black corresponds to dark condition, red rep-
resents under illumination and green corresponds to illumination after
thermal annealing. Right: magnification around the origin. The char-
acteristic values are: VOC = 0.059V , JSC = −0.16mA/cm2, FF=0.27,
η = 0.002%, Rs=133Ω, Rsh=20700Ω, n=2.90. Tempering destroys the
device.
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Fig. 4.26: CuPc-TS solar cell. The C60 acceptor layer is 60nm thick. The device ar-
chitecture is ITO-Pedot:PSS-CuPc-TS-C60-BPhen-Al. Left: full graph of
J-V characteristics, where black corresponds to dark condition, red rep-
resents under illumination and green corresponds to illumination after
thermal annealing. Right: magnification around the origin. The char-
acteristic values are: VOC = 0.059V , JSC = −0.16mA/cm2, FF=0.27,
η = 0.002%, Rs=133Ω, Rsh=20700Ω, n=2.90. Tempering destroys the
device.
The device performances of the first four samples equal each other. Their
parameters do not differ much.
The impact of thermal annealing to efficiencies and fill factor is shown in
Figure 4.27. The device performance is absolutely not improved by thermal
annealing.
4.5 Summary
In this chapter wetting was discussed and the theory of spin coating was
given. Solution processed organic solar cells made of polymers, such as
P3HT, and small molecules, such as CuPc-TS were fabricated and character-
ized. The device architectures studied were Schottky-junction, heterojunc-
tion, and bulk-heterojunction as well as a combination of the latter both
(e.g., P3HT and PCBM blend (forming the bulk-heterojunction) covered
with a layer of C60 (forming the heterojunction) yield the BHJ-HJ architec-
ture). The C60 layer was deposited by thermal evaporation. Efficiencies of
0.001 < η < 1% were achieved. Solar cell parameters were calculated with
Matlab by J-V curve fitting using the Lambert W function. The achieved
efficiencies and fill factors were summarized.
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sample Rs [Ω] Rsh[kΩ] n FF Jsc [mA/cm2] Voc[V] η[%]
D11
as-is 98 14.37 2.18 0.30 -0.48 0.116 0.01
annealed 502 71.20 4.20 0.23 -0.012 0.002 0.000008
D12
as-is 128 13.92 2.40 0.28 -0.38 0.125 0.01
annealed 137 13.41 3.82 0.24 -0.012 0.002 0.000006
D13
as-is 126 14.13 2.32 0.29 -0.27 0.082 0.006
annealed 171 30.95 4.71 0.23 -0.005 0.002 0.000003
D14 as-is 133 20.70 2.90 0.27 -0.16 0.059 0.002
Tab. 4.6: Overview of the characteristic values of ITO-Pedot:PSS-CuPc-TS-C60-
BPhen-Al samples. The C60 layer is 60nm thick. Tempering destroyed
one of the samples.
Fig. 4.27: Efficiencies and fill factors before and after thermal annealing. Thermal
annealing worsened the device performance.
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5. CARBON NANOTUBE PROCESSING
The handling of CNTs is still a challenging problem, as e.g. even nowa-
days the microscopic properties of single CNT cannot be fully applied at
the macroscopic scale in most fabricated devices. Furthermore, purchasable
CNT powders always consist of a mixture of different kinds of CNTs: sin-
gle walled, multi walled, and tubes of various chiralities. Strictly speaking
this implies that using CNT powder means different materials with different
properties have to be handled. Consequently, clear conclusions from experi-
mental data with these CNT are difficult to make. The most important first
step in CNT processing, after their synthesis, is always their purification.
5.1 Purification
A precise understanding of the impurities and their concentration have a
major impact on the purification process used for the specific material. In
particular, the properties of organic materials show a high sensitivity to im-
purities. Therefore, the purification process of gradient sublimation is used
(often several times consecutively) whenever it is applicable as CNTs cannot
be sublimated at all. The choice of the best purification method is dependent
on the expected impurity. The most common impurities contained in synthe-
sised CNT powders are: various types of carbon like graphitic nanoparticles,
amorphous carbon, fullerenes, polyaromatic hydrocarbons on the product
site and particles containing (transition) metal or catalyst support mate-
rial (CVD) on the synthesis site. For arc discharge prepared samples un-
vaporized graphitic particles are particularly prevalent, as graphitic rods
are the carbon source in arc discharge and particles are sometimes ejected
from the surface in the discharge process. Graphitic polyhedrons with en-
closed metal particles also coexist with CNTs synthesized by arc discharge
(see Figure 5.1). In addition, the concentration of the impurities often in-
creases with a decrease of the obtained CNT diameter, [192]. The choice
of the applied purification method also depends on the reactivity of the im-
purity and the stability of the CNT to the chemical, physical or combined
applied purification method. In the last few years, considerable progress
in the purification of CNT powders has been achieved and numerous meth-
ods of purification including chemical oxidation, physical separation, and
combinations of chemical and physical techniques have been developed for
obtaining CNT powders with the desired purity. A good overview of the
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methods is given by [192] and [193]]. Some information from these reviews
is included in the following subchapters
Fig. 5.1: TEM images of (a) amorphous carbon and fullerene molecules on the sur-
face of CNTs. Image taken from [194]. (b) metal nanoparticles covered by
amorphous carbon layer, and (c) metal nanoparticles covered by graphitic
carbon multi-layer, (reprinted from Publication Chemical Physics Letters,
359, Issues 3-4, W. Ren, F. Li, J. Chen, S. Bai, H.-M. Cheng, Mor-
phology, diameter distribution and Raman scattering measurements of
double-walled carbon nanotubes synthesized by catalytic decomposition
of methane, 196–202, c©(2002), with permission from Elsevier) [192].
5.1.1 Assessment of CNT purity
In order to evaluate the purity of CNT powders both the efficiency of the
chosen purification method as well as the resulting rate of defect generation
in the CNTs due to the purification process are required. In general three
different objectives have to be analyzed: metal catalyst, carbonaceous impu-
rity and structural changes of the CNT like defects, functional groups, open
ends,...). Structural changes (defects, open caps) can be optically observed
using TEM, however, it cannot give a quantitative evaluation of the purity
of the CNT powders [195]. The metal impurity content can be precisely eval-
uated by using thermogravimetric analysis (TGA). The differences obtained
between the TGA, oxidation temperature and metal content obtained in sep-
arated TGA runs evaluate the homogeneity of the CNT sample [196]. Car-
bonaceous impurities can be analyzed by using Raman spectroscopy. The
quantification of the relative fraction of the D/G bands of Raman resonant
scattering under a fixed laser power density gives information about the
diameters and electronic structures [197]. The ultra violet to visible spec-
troscopy near infrared (UV-vis NIR) methods deliver estimates about the
relative purity of single-walled carbon nanotubes (SWCNTs) on the basis
of the integrated intensity of S22 transition compared with that of a refer-
ence SWCNTs sample (representing, 100% purity), [198]. In addition, this
method can be used to determine the concentration of CNT dispersions,
once the extinction coefficient is known, [199]. It is also possible to evalu-
ate, with the knowledge of the van-Hove singularities (S11, S22, M11), the
electrical behaviour and the chirality of the CNT by this technique [200]. A
significant drawback of this method lies in the difficulties to prepare stan-
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dardized dispersions and concentrations, which makes it difficult to obtain a
quantitative analysis. As no absolute values of the purity of CNT exist due
to there being no 100% pure CNT reference sample the extinction coefficient
could not be measured for the CNTs. In order to characterize the functional
groups on the CNT sidewall fourier transform infrared (FT-IR) spectroscopy
is used. For a measurement of the trace amounts of metal impurity energy
dispersive spectroscopy (EDS) can be applied, [201] and [202].
5.1.2 Chemical treatment
Fullerenes are easily removed, due to their solubility in different organic sol-
vents. The process of acid oxidation takes advantage of selective oxidation
caused by different oxidation rates. The high reactivity of the carbonaceous
nanoparticles can be attributed to their large curvature and pentagonal car-
bon rings, [203]. Consequently, carbonaceous impurities and free metal im-
purities can be oxidized or dissolved faster than the CNTs. Therefore, liquid
phase oxidation removes both amorphous carbon and metal catalysts. A
limitation of the process is, however, that catalysts encaged in polyhedral
graphitic particles stay untouched. Further more, carbonaceous and metal
impurities have very wide particle size distributions. Also the amount of
defects or curvature varies depending on synthesis conditions. This has so
far made it impossible to develop a unified purification method for the ob-
tainment of reproducibly high-purity CNT materials. As the CNT are well
dispersed in the rinsing solution the oxidative ions and acid ions can evenly
interact with the CNTs, which allows fine tuning of process parameters for
oxidation reaction to obtain high-purity CNT. Some commonly used oxi-
dants for liquid phase oxidation are: nitric acid (HNO3) [204], hydrogen
peroxide (H2O2) or a mixture of H2O2 and HCl [205]. However, all these
oxidants have been shown to either destroy the CNT structure (including
opening and catting of the CNTs) or add functional groups. Nitric acid is
a commonly used reagent for SWCNT purification due to its mild oxidizing
strength that selectively removes amorphous carbon. It is also inexpensive,
nontoxic, capable of removing metal catalysts and no secondary impurities
are introduced by this acid. The CNTs synthesized by arc discharge were
purified in accordance with the procedure published by [204]. Hu was the
first to evaluate the relationship between purification yield and grade, with
systematic and quantitative measurements based on near infrared (NIR)
spectroscopy. The applied purification procedure was: 1g of the as-prepared
SWCNT sample was refluxed in 150mL 7M HNO3 for 6h. The weight
percent of each component for several concentrations and reaction times
were calculated from TGA measurements. These were combined with the
NIR spectra are taken from [204] and plotted in Figure 5.2. A comparative
study of the H2SO4/HNO3 (3:1) and 6M HNO3 treatments with regard
to their purification effectiveness was made by [206]. Other authors found
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Fig. 5.2: "Mass balance of the normalized weight percentages of all components in-
cluding the SWCNTs, metals, carbonaceous impurities, and weight loss
of the SWCNT samples." [204] "reprinted (adapted) with permission from
(H. Hu, B. Zhao, M. E. Itkis, and R. C. Haddon, Nitric acid purifica-
tion of single-walled carbon nanotubes, Journal of Physical Chemistry B,
107(50):13838–13842). c©(2003) American Chemical Society."
that by using that mixture as the oxidant yields carbonaceous impurities,
[207]. TEM images of SWCNTs purified with different treatment condi-
tions are shown in Figure 5.3. The images show that concentrated sulfuric
acid (H2SO4)/HNO3 (3:1) is more effective than nitric acid in removing
impurities. Furthermore, by using the best purification conditions SWCNT
purities of up to 98% could be achieved with a yield of 40wt% within 2h.
Reports have been made in which there was no decrease in the number of
small diameter nanotubes despite the use of a 3h reflux process involving
a concentrated H2SO4/HNO3 mixture (3:1). This method was used to ad
functionalized groups on the CNT sidewalls in this work.
Another approach to remove the metal compounds involved a multi-stage gas
phase-electrochemical treatment. This had three steps: firstly the removal
of the metal catalysts, secondly the removal of the carbonaceous impurities
followed, lastly, by a gentle annealing step in order to heal the damage to
the CNTs. An extensive understanding of the role of metals in oxidizing
carbons was achieved by [208]. They found that metal particles randomly
catalyze the oxidation of carbons. As a consequence, SWCNTs are destroyed
in the presence of oxygen and other oxidizing gases during a thermal anneal-
ing treatment. Firstly the encapsulation of the metal catalysts has to be
cracked. This can be done by wet air oxidation. The physical process of
breaking the carbonaceous encapsulation by wet air oxidation is based on
the different densities of iron (ρ = 7.86 gcm3 ) and rust (ρ = 5.18
g
cm3 ). As
the mass of the metal catalysts itself stays constant during the oxidation
process, an increase of the volume is the result. This expansion breaks the
carbonaceous encapsulation. For the oxidation process the samples were
heated to 225◦C for 18hr in wet air. Subsequently, the exposed metal cat-
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Fig. 5.3: TEM images of purified SWCNTs. (a) After sonication in 6M HNO3 for
4h, (b) after refluxing in 6M HNO3 at 120◦C for 4h, (c) after refluxing in
concentrated H2SO4/HNO3 mixture (3:1) at 120◦C for 2h, and (d) after
refluxing in concentrated H2SO4/HNO3 mixture at 120◦C for 4h. Image
taken from [206].
alysts was dissolved by an acid (HCl) or gas (carbonylation). The wet air
oxidation can then repeated e.g. at 325◦C followed again by an acid or or gas
treatment. This multi-stage approach with wet air and acid was validated
also by another group[209]. It appears that if electrochemical oxidation is
done in neutral or basic aqueous solutions, no significant tip opening occurs.
However, aqueous solutions of common strong or medium strength acids (5%
H2SO4, 5% HNO3, or 25% HNO3 + 25% H2SO4, 5% H3SO4! (H3SO4!),
and 5% CH3COOH) remove both amorphous carbon and metal catalysts.
CNT shortening
CNTs of various lengths can be shorted using acids, for example, purified
CNTs can be shorted by sonication in the presence of a mixture of con-
centrated sulfuric and nitric acids (in ratio 3:1 or in wt%, 98% and 70%,
respectively) at 40◦C, [207]. Sonication is efficient due to the formation of
microscopic high temperature domains (12) when the cavitation bubbles col-
lapse, which induce localized sonochemistry. Sonochemistry means the appli-
cation of ultrasonics in chemical reactions and processes. Cavitation itself is
the formation, the growth and the implosive collapse of bubbles in a liquid.
The cavitation collapse causes a local high temperature (≈ 5000K), high
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pressure (≈ 1000atm), enormous heating and cooling rate (> 109K/sec),
and liquid jets (≈ 400km/h) [210]. This sonochemistry is strong enough
to generate an open hole in the tube sidewall [207]. If an oxidizing acid is
present the etching process at the point of damage is enhanced. This leads
to the tube being completely cut through at the initial point of damage
caused by the sonochemistry process. Subsequently, the oxidation process
shortens the CNT further. In addition, the mixture of 3:1 wt% concentrated
H2SO4:HNO3 is known to intercalate and exfoliate graphite. Therefore, the
length distribution of the treated CNT controllably shortens with exposure
time to the acid. Depending on the respective acid treatment shortening
rates of roughly 130nm/hour to 200nm / hour can be achieved [207]. After
the shortening process the tubes have to be annealed at 700◦C - 1100◦C
under vacuum in order to heal the CNT of the damage caused by the prior
treatments.
5.2 Functionalisation
Liquid phase oxidation often leads to surface modifications. These modifica-
tions usually takes place on the sidewall of a CNT. They change the CNT
macromolecule from being super hydrophobic to more hydrophilic. This
modification enables their dispersion in aqueous solution without any sur-
factants. A process of surface modification also has the potential for specific
engineering of the physical and chemical properties of the CNT. This is
desirable if CNTs have to be "tuned" for specific applications, e.g., mechan-
ically reinforced composites, or for scanning probe microscopy tips. In ad-
dition, the fabrication of nanotube derivatives with altered electronic struc-
tures and properties (organic solar cells) is possible with this approach [211],
[212], [213]. CNTs can also be cut into short fragments and oxygen func-
tional groups added. Both, the small size and the oxygen functional groups,
increase their dispersibility. This improves their ability to be applied in
practical applications.
5.2.1 Liquid phase (carboxylic groups)
The influence of the functionalisation on the CNT can be of quite a different
nature depending on the relative energy levels. Over all three different levels
of influence can be assumed (see Figure 5.4):
• Fermi level shifting with respect to the vacuum energy,
• in- or decrease of the band gap, and
• band gap shifting with respect to the vacuum energy.
In order to investigate these three possible impacts of functionalisation on
the CNT it has to be characterised using photoemission spectroscopy (PES)
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to determine the first, by using ultra violet to UV-vis spectroscopy for the
second and by inverse photoemission spectroscopy (IPES) for the last. How-
ever, before an analysis can be carried out some aspects have to be consid-
ered: firstly the CNT powders are still a mixture of semiconducting, metallic
and semi-metal tubes. Although much progress has been made by optimizing
the synthesis parameters, a typical increase of semiconducting tube content
in the CNT powders from 66% to 80% has been achieved. Worldwide only
one company is able to provide SWCNT powders with a semiconducting
tube content of 99%, Nanointegris, 1mg of these semiconducting, however,
SWCNT costs 799US$. Secondly, the chemically inert behaviour of the
CNTs indicates that not all tubes are functionalised. Therefore, the char-
acterisation will always give information about the whole mixture of CNTs
within the sample. Exactly defined samples of only one kind of CNT can
not be prepared experimentally. Attaching carboxylic groups to the CNT
Fig. 5.4: Influence of functionalisation on the energy levels of CNTs. a) before func-
tionalization. b) Fermi-level is shifted upwards due to functionalization.
c) The band gap is increased upon functionalization. d) The ionization
potential is shifted upwards to vacuum energy level.
sidewall or open ends can be done using sulphuric acid and nitric acid. For
such a process several recipes are described in the literature [214], and [215].
Figure 5.5 is a schematic of the addition of carboxylic groups at the CNT
sidewall via oxidation. In this work just a few of the published recipes by
other groups were investigated. These are introduced in the following.
Figure 5.6 shows the Raman spectra of pristine SWCNTs and SWCNTs func-
tionalized with carboxylic groups. Recipe A used 3M sulphuric acid and 1M
nitric acid in a ratio of [3:1] vol.%.
Acids of different molar concentrations are used for CNT functionalization.
In order to prepare a x molar acid from a y molar initial acid the following
protocol was applied. For the preparation from a 14M nitric acid (concen-
trated nitric acid) of a 1M acid 13mL of distilled water has to be mixed with
1mL of the concentrated nitric acid. As a chemical equation this is written
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Fig. 5.5: Scheme of the CNT oxidation and formation of carboxylic groups on the
CNT sidewall (reprinted from Current Opinion in Chemical Biology, 9,
Issue 6, A. Bianco, K. Kostarelos, M. Prato, Applications of carbon nan-
otubes in drug delivery, 674–679, c©(2005), with permission from Elsevier)
Figures taken from [216]
as:
13mLH2O + 1mL 14M HNO3 → 14mL 1M HNO3 (5.1)
In order to prepare a 3M sulphuric acid from a concentrated one (9.8 M),
3mL of sulphuric acid has to be mixed with 1mL of distilled water. As an
equation the chemical reaction is written as:
2.3mLH2O + 1mL 9.8M H2SO4 → 3mL 3M H2SO4 (5.2)
In 10mL of this mixture 5mg of the CNT (SWCNT or MWCNT) powder
was added and sonicated for 1h. After the sonication process the container
stood for 11h at room temperature. Subsequently, the mixture was vacuum
filtered through a 0.2µm PVDF filter membrane. The CNT retentate on the
filter was scrapped off and put in a beaker filled with distilled water. This
was sonicated for 2h in a normal sonication bath. This procedure resulted in
a metastable CNT dispersion (stable for two days). The carboxylic groups
attached to the CNT sidewall and the open ends made the CNTs hydrophilic.
Recipe B differs slightly from the previous one. Concentrated sulphuric acid
(98%) and concentrated nitric acid (65%) are mixed together in the ratio
of [3:1]vol.%. Subsequently, 5mg of CNTs were added to 10mL of the acid
mixture and sonicated for 1h in a sonication bath. The CNT acid mixture
then stood untouched for 1h at room temperature. After this, it was vacuum
filtered through a 0.2µm PVDF filter membrane and rinsed thoroughly with
deionized water until ph 7 was reached. In the same way as in recipe A the
retentate was sonicated in distilled water. This yielded a metastable (stable
for 3 days) dispersion due to the carboxylic group attachment.
Recipe C is made by mixing 1M sulphuric acid with 3M nitric acid in a
ratio of [3:1] at room temperature. Subsequently, 5mg of the CNTs were
added to 10mL of this acid mixture and sonicated for 2h. Vacuum filtration
through a 0.2µm PVDF filter membrane resulted in a layer of the CNTs on
the membrane. The CNTs were scrapped off the filter and put in a beaker.
The CNTs were then infused with 5M hydrochloric acid. This mixture was
boiled for 6h at 120◦C under reflux, followed by a filtration process. The
filter was rinsed thoroughly with deionized water until pH 7 was reached.
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Recipe D was made by preparing 10mL of a mixture of 1M sulphuric acid
and 3M nitric acid in a ratio of [3:1] vol.%. 5mg of CNTs were then added
and the mixture was sonicated in a sonication bath for 12h at 60◦C under
reflux. Subsequently, it was vacuum filtered through a 0.2 µm PVDF filter
membrane. After this the filter was rinsed with deionized water until ph 7
was reached. The retentate was sonicated in distilled water, which yielded
a metastable dispersion (stable for 3 days).
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Fig. 5.6: Raman spectra of pristine and functionalized SWCNT. The almost com-
pletely missing G-band indicate that the CNTs were heavily stressed dur-
ing the acid functionalization.
5.2.2 Gas phase
Fluorination of the CNTs can be achieved using either elementary fluorine
or fluorine compounds such as nitrogen trifluoride (NF3).
If elementary fluorine is chosen the fluoridation becomes effective by sim-
ply heating the CNTs in the gas to temperatures above t > 150◦C. If the
thermal annealing is done in the temperature range of 150◦C to 190◦C the
resistance of CNT resistor device will increase. This occurs because the
covalently bonded fluorine atoms in the CNT lattice either reduce the con-
ductivity mechanisms of the tube or increase the band gap. At temperatures
>250◦C the CNTs become insulators. In order ro fluorinate the CNTs with
elementary fluorine a furnace with a constant gas flow during the whole
reaction time (6h) has to be used. A mixture of 20sccm of helium with
2sccm fluorine yields the best results according to [217]. The process is as
follows: firstly, the furnace is heated up to the reaction temperature and
kept constant (150◦C-190◦C). Secondly, the gas flow is started. After the
annealing step the furnace is cooled down to room temperature, whilst a
constant helium flow of 20sccm and no fluorine gas flows through it.
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sample t[s] power[W] Ar flow[sccm] NF3 flow[sccm] R [Ω]
SWCNT
0 0 0 0 0.016
0 0 0 0 0.053
f − SWCNT1 60 100 5 16 0.01660 100 5 16 0.053
f − SWCNT2 120 100 5 16 0.017120 100 5 16 0.06
f − SWCNT3 60 150 5 16 0.01760 150 5 16 0.054
f − SWCNT4 120 150 5 16 0.018120 150 5 16 0.057
Tab. 5.1: Overview of the NF3-plasma treatments. EDS measurements proved the
existence of fluorine in the va-CNT samples.
As the use of elementary fluorine requires very significant safety obligations it
is always worth considering whether another approach can be applicable for
the gas phase functionalisation of the CNT array. Indeed, NF3-plasma can
act as a source for elementary fluorine as well as singularly and poly ionized
ions when introduced into a plasma (also known to be the fourth aggregate
state). In such a plasma nitrogen ions and ionized NF3 coexist within the
plasma. In comparison to the thermal treatment route the plasma produces
species that are much more reactive, even without any heating of the sam-
ple. In this work the fluorination was made in a plasma chamber to with a
NF3-plasma. The adjustment according to the epitaxy of the fluorination of
CNT is done by controlling the power in Watt of the plasma. An overview
of these experiments is given by table 5.1. The Raman measurements of
the processed CNTs clearly identified fluorine and nitrogen. The electrical
measurements of these CNTs showed an increase of the resistance which
could be correlated with an increase of the CNT band gap and also with
an increase of the amount of insulating CNTs in the array. The electrical
measurements were made using both macroscopic and microscopic methods.
The microscopic method involved conductive AFM measurements, whereas
the macroscopic measurements were done by contacting the CNTs with a
copper electrode of 3mm2 in size. A scheme of the fluorination of CNT is
given in Figure 5.7.
5.3 Dispersion of CNTs
The dispersion of CNTs is still a challenging task. Generally, if the surface
area of a particle increases the attractive forces of these particles to each
other also increases. With regard to the CNTs the high aspect ratio and
strong π − π-interaction of the tubes induce large attractive VdW forces.
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Fig. 5.7: Scheme of the fluorination of a CNT with molecular fluorine. Image taken
from [218].
These forces, in combination with the high flexibility of the CNT, leads to
significant entanglement and also a high packing density of the CNTs [219],
and [220]. The suppression of these forces will result in good and stable
CNT dispersions. Several approaches can be used to master this challenge:
• covalent side-wall functionalisation,
• non covalent side-wall functionalisation.
Covalent side-wall functionalisation can lead to an irreversible alteration of
the electronic properties of the functionalized CNTs. Non-covalent func-
tionalisation using surfactants (usually tensides with a hydrophobic and hy-
drophilic part) will in most cases preserve the initially electronic properties.
For this reason the latter route is often used in many applications. How-
ever, a disadvantage of this method is that the additives will remain in the
particular device or application. In the field of organic photovoltaics every
impurity - however small - has a big influence on the solar cell performance.
Therefore, this method cannot be applied for this reason in OSC. In addition
the term dispersion has to be specified first.
Classification of dispersions
The definition of "Dispersion" in chemistry, relates to a system in which
particles of one kind are intermixed in a continuous phase of another compo-
sition or state, [221]. The continuous phase is a liquid one and the dispersion
can be - in general - described in several ways depending on the relative size
of the particles in the continuous and dispersed phase. If the particles in the
dispersed phase are also dissolved in the continuous phase, a "true solution"
is formed and the particles are called solutes (normally these particles are
tens of angstroms in size). If the dispersed domains are several nanome-
tres and/or micrometre in size, the solution is called a "colloidal solution".
This kind of solution can be subdivided into suspensions (as in the case of
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CNT) and emulsions (in the case of liquids). Only additives like surfactants
or emulsifiers can stabilize the dispersed phase. In 2005 the dispersions
of CNT were classified into two categories. In the case of dispersed CNT
bundles the dispersion is called a "macrodispersion". If individual non bun-
dled CNTs are dispersed it is called a "nanodispersion", [222]. Theoretically,
the nanoscale dispersion can be classified by a dimensionless parameter, X,
which will be explained in the following subsection.
Nanodispersion
The dimensionless parameter X can be defined in three different ways: as X1,
the fraction of unbundled CNTs, as X2, the reciprocal of the average number
of CNTs per bundle, and as X3, the fraction of unbundled CNTs, [222].
The mathematical definitions of these parameters expressing the degree of
a nanodispersion, X, are
X1 =
∑
p (z) δ (z − 1) = p (1),
X2 =
1∑
p (z) z
=
1
avg (z)
,
X3 =
∑
p (z) δ (z − 1)∑
p (z) z
=
p (1)
avg (z)
,
(5.3)
where p(z) is the probability that a dispersed entity will have z CNTs (e.g.
p(1) indicates the fraction of bundles consisting of just one single CNT), d
is a delta function, and avg(z) is the average number of CNTs per bundle
[222]. According to the definition, in a nanodispersion of CNT all values of
X tend to 1.
5.3.1 Wetting
For the CNT nanodispersions a wetting study is necessary in order to get
the data for the correct choice of solvent. The contact angle of a CNT
varies from 80◦ < θ < 105◦ according to [223], and [224]. A good overview
about the dispersion of CNTs is given by [225] and [226]. As CNTs show
poor solubility in water and organic solvents, lots of work has done to
try to overcome this matter. Contact angle measurements were experi-
mentally made by AFM force measurements by [227]. An environmental
scanning electron microscopy (ESEM) picture from [227] of a MWCNT
wetted by an organic liquid is shown in Figure 5.8. A plot based on the
Owens-Wendt equation is shown in Figure 5.9, where the linearity sup-
ports the validity of the applied Owens-Wendt model [228]. Due to the
linearity of the graph, the determination of the polar and dispersive frac-
tion of the total surface energy of a single MWCNT can be calculated:
γCNT = 27.8mJ/m2, γdCNT = 17.6mJ/m
2, and γpCNT = 10.2mJ/m
2.
The total surface energy of the CNT is quite similar to that of an untreated
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Fig. 5.8: ESEM picture of MWCNTs wetted by an organic solvent. The meniscus
is good visible (A. H. Barber, S. R. Cohen, and H. D. Wagner, Physical
Review B, 71, Issue 11, 2005, 5443. c©(2005) by the American Physical
Society) [227].
graphite, although the polar fraction of graphite is almost twice as much as
that of the CNT [228], and [229]. This increase in the polar interactions is
expected to be related to curvature effects. This could explain why CNTs
are wetted better than planar graphite by water [230]. The contact angle
of a single CNT was also obtained by infiltration studies of va-CNTs (cf.
chapter 7). At certain locations on the dye-infiltrated va-CNT the stiffened
meniscus of the precipitated dye becomes visible around single CNTs. By
assuming a roughly perpendicular incidence of the electron beam on the
sample in the electron microscope, the contact angle of a single CNT with
CuPc-DMA dissolved in 1-decanole was determined to be θ=32◦. The orig-
inal contact angle can be assumed to be larger than the observed 32◦. This
is, because drying can reduce the value of the angle due to settlement of the
surface. Generally, surface tension can be split into a dispersive and polar
part, [231], as expressed by the equation
γl = γ
d
l γ
p
l (5.4)
where: γdl is the dispersive and γ
p
l is the polar fraction of the surface tension.
1-decanole has a surface tension of 28.5 mN/m. Its polarity equals p =
γp/γd = 0.28, which yields a dispersive fraction of γd = 22.3 mN/m. The
polar fraction can be calculated to be γp = 6.3 mN/m. According to [152],
the energy of adhesion is generated by the dispersive parts of the surface
tension of the solvent and the surface energy of the substrate. The dispersive
fraction of the surface energy of a single CNT in the array can be calculated
as:
WA = γl (1 + cos θ, ) (5.5)
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Fig. 5.9: "Owens and Wendt plot for single MWCNTs. On the y-axis
[Y = γl (1 + cos θ)]
(
2
√
γdl
)
−1
, and on the x-axis value X is
(√
γ
p
l√
γd
l
)
.
Each point is an average of at least five measurements, the error bar
being the σ of each set of points." (A. H. Barber, S. R. Cohen, and H. D.
Wagner., Physical Review Letters, 92, Issue 18, 2004, 6103. c©(2004) by
the American Physical Society) [228].
where γl is the surface tension of the solvent. According to the approach
described in [152] equation (5.5) becomes
Wa = 2
√(
γds · γdl ,
)
(5.6)
where γds and γ
d
l are the dispersive fractions of the respective surface energy
or tension, respectively. By using
W 2A = 4γ
d
s · γdl
equation (5.6) can be expressed as
γds =W
2
A/4γ
d
l , (5.7)
which yields a dispersive surface energy fraction
γds =
(
γdl (1 + cos θ)
)2
/4γdl ≈ 19mN/m
. Fowkes states that only dispersive forces cause the force of adhesion. By
using equation (5.7), the polar fractions yields
γps =
(
γpl (1 + cos θ)
)2
/4γpl (5.8)
and the polar surface energy equals γps=5.4 mN/m. The surface energy of
a single CNT can be determined to be γCNT=24.4 mN/m, with a polarity
of p=0.22. Figure 5.10 shows a field emission scanning electron microscopy
(FE-SEM) image of the conserved contact angle of precipitated dye on a
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va-CNT. The surface energy calculated by the contact angle "freezed" by
the precipitated dye (see Figure 5.10) fits well with that of graphite. It is not
possible to determine whether it is a SWCNT or a MWCNT. The contact
angle for a MWCNT is shown in Figure 5.8. Differences in contact angles for
SWCNT and MWCNT can be assumed to appear, because the diameters of
SWCNT and MWCNT differ from each other. However, as SWCNT have a
smaller diameter, the surface energy of a SWCNT should differ more from
that of graphite due to bending of the graphene structure. The calculated
values prove the opposite. This is either due to the contact angle observed
by the precipitated dye containing errors or the surface energy of CNT is
closely related to that of graphite.
Fig. 5.10: "Contact angle of CuPc-DMA on a va-CNT array. A contact angle of
θ=32◦ is found on a single SWCNT. However, it is expected that the
actual contact angle θ is larger than the arithmetic middle of 32◦." [143]
5.3.2 Organic solvents
In addition to the common wetting approach with the help of goniometric
measurements, dispersion studies of SWCNT in terms of Hansen solubility
parameters (δ2t = δ
2
d+δ
2
p+δ
2
h) have been reported. Investigations were made
for SWCNTs dispersed in several solvents including toluene, chloroform, and
acetone. It was concluded that SWCNTs are well dispersed in solvents with
dispersive component δ2d between 17-18 MPa
1/2, [232]. SWCNTs precip-
itate in solvents with higher polar and hydrogen-bonding (δ2p , δ
2
h) compo-
nents. However, the state of the dispersion had no dependency on the total
solubility parameter δ2t . Unexpectedly, highly polar solvents (e.g. dimethyl-
formamide (DMF)) have been shown to effectively wet SWCNTs, [233]. A
brief overview of the dispersion study from [232] is given in Figure 5.11.
1,2-Dichlorobenzene
Different dispersion procedures have been evaluated for each solvent. For
a dispersion in dichlorobenzene a UP200S sonication device with a 5mm
sonotrode was used. The sonotrode was put directly in the solvent. 1mg
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Fig. 5.11: Overview of the dispersion study made by Ham (H. T. Ham, Y. S. Choi,
and I. J. Chung, Journal of Colloid and Interface Science, 286, Issue 1,
2005, 216-223. c©(2004) with permission from Elsevier) [232].
of SWCNT was added in 1mL of solvent. The beaker with the solvent was
placed inside a second beaker filled with ice in order to cool the mixture
during the sonication process. This mixture was sonicated with a pulsation
duration of 2 seconds followed by a 8 seconds pause at an amplitude of
10% of maximum power. This process was cycled for 2h. Afterwards the
dispersion was centrifuged with a Optima Max ultra centrifuge at 50.000G
for 30 minutes. The supernatant, which is the final CNT dispersion, was
removed from the centrifuge. In the UV-Vis spectra shown in Figure 5.12
the S22 and M11 transitions can clearly be identified. This quantifies the
dispersion in the macroscopic way. These can be used to quantify the disper-
sion. Instead of using the Optima Max ultra centrifuge a desktop centrifuge
was also used for centrifugation, for example, in a Biofuge stratos the CNT
dispersions were centrifuged for 30 minutes at 10.000rpm. The rotor was a
24 x 1.5/2ml (45◦) fixed angle rotor - the standard rotor. Good results were
also obtained with this device. The AFM image shown in Figure 5.19 shows
how individual tubes are dispersed in the organic solvent.
5.3.3 Surfactants
Due to the hydrophobicity of CNTs a aqueous dispersion is difficult to pre-
pare. In order to obtain a dispersion either the CNTs have to be modified
in their nature through covalent functionalisation or surfactants have to be
used. The molecular structure of a surfactant is constructed of essentially
two different parts: the head and the tail. This is the origin of the duality
of a surfactant, because the head can be hydrophilic (or polar) and the tail
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Fig. 5.12: UV-vis spectrum of CNTs dispersed in dichlorobenzene. The baseline
correction has been already included. The resulting line attests to the
presence of CNTs in the dispersion.
hydrophobic (or non polar). The surfactants are classified according to the
charge on their head group, which can be either cationic, anionic, nonionic
or zwitterionic. If the adsorption of a surfactant molecule is established, self-
organization of the surfactant molecules into micelles (aggregative structures
of surfactants) takes place, if the concentration of surfactants is high enough.
That means the critical micelle concentration (CMC) has to be reached. A
good overview of the CNT surfactant interaction is given by [234], from
which the scheme in Figure 5.13 is taken.
Cetyl trimethylammonium bromide
Dispersions were made with the assistance of cetyl trimethylammonium bro-
mide (CTAB). The concentration of CTAB in distilled water was 0.05 wt.%.
10mg CNT were added to 10mL of of the prepared distilled water mixture
with CTAB and sonicated for 30 minutes. Afterwards, it was subsequently
centrifuged for 30 minutes in a Biofuge stratos centrifuge at 10.000rpm in
the standard rotor. The supernatant was, afterwards, removed and used for
further processes.
125
5.3 Dispersion of CNTs Carbon nanotube processing
Fig. 5.13: Scheme of CNT surfactant interaction on basis of CNT and NaDDBS.
"Reprinted (adapted) with permission from (O. Matarredona, H. Rhoads,
Z. R. Li, J. H. Harwell, L. Balzano, and D. E. Resasco, NDispersion of
single-walled carbon nanotubes in aqueous solutions of the anionic sur-
factant naddbs, Journal of Physical Chemistry B, 107(48):13357–13367).
c©(2003) American Chemical Society." [234].
Sodium dodecyl sulfate
Dispersions were also made with sodium dodecyl sulfate (SDS) as the surfac-
tant. For this a solution of SDS and distilled water was prepared by adding
1g SDS to 100mL distilled water: 100% = 1100
[ g
mL
]
. For CNT dispersion a
solution of 1%w/v of SDS in distilled water was used. 1mg of CNTs were
subsequently added to 1mL of the dispersion mixture. The mixture was son-
icated for 30 minutes at room temperature. Subsequently, it was centrifuged
for 30 minutes in a Biofuge stratos centrifuge with the standard rotor. Only
the supernatant was used in further processes.
Sodium taurodeoxycholate hydrate
The surfactant sodium sodium taurodeoxycholate hydrate (TDOC) was used
as follows. In 1mL of double distilled water 0.03mg of TDOC was dissolved,
which yielded a concentration of c=0.03mg/mL. This solution was mixed
with 1mg of CNTs. Afterwards, the mixture was sonicated with the UP200S
for 10 minutes with a pulsation duration of 3 seconds followed by a 1 second
pause at an amplitude of 10% of maximum power (if longer CNTs were
desired, the amplitude was held at 8%). The subsequent centrifugation step
was done in an Optima Max ultra centrifuge at 45.000rpm, which equals
100.000G, for 1 hour. The supernatant formed the final CNT dispersion.
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Fig. 5.14: UV-vis spectra of CNTs dispersed in CTAB and SDS. Due to the high
concentration of CNTs in the dispersion it was diluted to a ratio of
1:5%vol. with the dispersion agent. The baseline correction has been
already included. The corrected line shows the presence of CNTs in the
dispersion.
Fig. 5.15: Structure of TDOC. Image taken from [235].
DNA
The basic principle of this approach involves the wrapping of a double-active
polymer around the CNT. This polymer consists along its backbone of both
a hydrophobic and hydrophilic side. The hydrophobic side wraps around
the CNT and the hydrophilic side interacts with the water molecules. This
yields a very stable dispersion. For the polymer salmon RNA was used. In
order to dissolve the RNA in water a buffer was needed. The TE-buffer
used in this study was prepared by mixing 10mM tris! (tris!) and 1mM
ethylenediaminetetraacetic acid (EDTA) with double distilled water. This
solution was adjusted to pH-value 9 by adding hydrochloric acid. 0.025mg
of salmon RNA and 0.5mg of CNTs were added to 0.475mL of the TE-buffer.
The mixture was cooled with ice water and sonicated with the Optima Max
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ultra centrifuge for 10 minutes with a pulse duration of 3 seconds followed
by a 1 second pause. Afterwards, the mixture was centrifuged for 1h at
45.000rpm (100.000 G) and the supernatant was later removed.
Instead of salmon RNA also T30DNA was used to disperse the CNTs. The
procedure used with this differs slightly from the one mentioned above. In
detail it was as follows: 0.5mg of the CNTs, 0.495mL of the TE-buffer and
5mg of the T30DNA were mixed together and, subsequently, sonicated and
centrifuged in the same way as mentioned above. This method yields the
same results as obtained for the salmon DNA. However, the T30DNA is
cheaper than the salmon RNA. In Figure 5.16, the absorption peaks around
650nm and 950nm are assigned to the first pair of singularities of the metallic
nanotubes and to the second pair of singularities of semiconducting CNTs,
respectively. An overview of surfactants for water based dispersions, in
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Fig. 5.16: UV-vis spectra of CNTs dispersed in T30DNA. The baseline correction
has been already included. The corrected data attests to the presence of
CNT in the dispersion. In addition the baseline of the dispersion agent
is given.
terms of the Hansen parameters, is given in Figure 5.17. The work with
Hansen parameters was taken from literature and given here just to give a
wide-spread overview. The according Hansen parameters are listed in the
Figure 5.18. All the surfactants used in this work and mentioned in this
subsection do not evaporate. Consequently, they stay wrapped around the
CNTs and appear as impurities. They can bind charge carriers flowing in
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Fig. 5.17: Overview of dispersion study. (H. T. Ham, Y. S. Choi, and I. J. Chung,
Journal of Colloid and Interface Science, 286, Issue 1, 2005, 216-223.
c©(2004) with permission from Elsevier) [232].
the matrix and can possibly act as traps in worst case. From this point of
view the application of dispersions with surfactants are of disadvantageous.
5.3.4 Quality of the dispersion
The quality of a dispersion is usually determined by AFM measurements.
Dispersed CNTs are deposited onto a silicon wafer using spin coating. The
dispersion was spin coated at 2000rpm for 60 seconds. The dispersion was
deposited onto a rotating substrate. The coated silicon wafer was analyzed
by AFM. An AFM image is shown in Figure 5.19. The height profiles clearly
show that CNTs lie next to each other forming a small band. The band has
a height of 1.2nm and a width of 150nm. The height indicate that single
CNTs lie next to each other. This is an identification for a CNT dispersion
of high quality.
5.3.5 CNT concentration
All production routes have to be calibrated, as no knowledge of the CNT
quantity in the dispersion can be made, as only the supernatant was taken
after centrifugation. Having once determined the extinction coefficient, the
CNT concentration of the dispersion can be ascertained via UV-vis analy-
sis. The extinction coefficient was reported by several groups, [236], and
[237].The concentration of CNTs in a dispersion can be calculated from the
absorbance peak at 500nm. This wavelength is virtually unaffected by the
ambient conditions of theCNTs, [238], and [233]. By using the specific ex-
tinction coefficient at 500nm (ε500=28.6 · cm2mg−1) ([239]) it is possible to
calculate the concentration of the CNT dispersions. This calculation uses
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Fig. 5.18: Overview of Hansen parameters for the several solvents, including those
used in this study. (H. T. Ham, Y. S. Choi, and I. J. Chung, Journal of
Colloid and Interface Science, 286, Issue 1, 2005, 216-223. c©(2004) with
permission from Elsevier) [232].
the Lambert-Beer-Law as follows:
A = ǫλ=500 · c · d (5.9)
⇒ c = A
ελ=500 · d, d = 1mm (5.10)
where A is the absorbance, ελ=500 is the specific extinction coefficient at
500nm and d the travel distance travelled by the light through the dispersion.
The specific extinction coefficient, ελ=500, was determined in the work of
[239]. For this they prepared a CNT dispersion and evaporated 100mL of
the dispersion. Subsequently, the retantate was weighed and correlated with
the absorption spectra according to equation (5.9).
5.4 Buckypaper fabrication
A buckypaper of CNTs consists of a felt composed of CNTs. There are sev-
eral ways to fabricate a buckypaper but one of the easiest ways to do this
is to firstly prepare a CNT dispersion, ideally of a defined concentration,
followed by a vacuum filtration step. The retantate on the filter paper ob-
tained after the filtration process is the fabricated buckypaper. The best
filter material has been found to be PVDF with a pore size of 0.45µm. If
the smaller pore size of 0.2µm is chosen, the filter blocks too quickly during
the processing. But if fine adjustment of buckypaper thickness is needed,
this small pore size filter shows better experimental properties. Because the
drainage of the CNT dispersion gives the visible real-time feedback to the
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Fig. 5.19: AFM analysis. a) AFM image of a spin coated CNT dispersion. b) and
c) corresponding height profile of the indicated lines in a).
experimenter. If the concentration of CNTs and the flow rate trough the
filter are known in advanced, the buckypaper thickness can be accurately
controlled. The colour of the CNT felt changes from grey, to brown, to black
in accordance with the felt thickness. After filtration the wet filter is placed
and fixed in a switched on exhaust hood. In the accompanying process a
metal mesh grid is placed 2cm above the filter. The upward air draft draws
the pure CNT buckypaper from the wet filter onto the metal mesh grid.
This buckypaper can be additionally rinsed with distilled or deionized water
in order to clean or neutralize it, respectively.
By using this preparation route the buckypaper is not fixed on a substrate
and stays flexible. For the electrical analysis of this buckypaper it has to
be deposited on an electrical isolating substrate in order to give the paper
the necessary mechanical stiffness. An important challenge for this analysis
is to fix the buckypaper on the substrate with only adhesive forces. This
can be achieved by wetting it with toluene and followed by a thermal an-
nealing treatment. If ethanol, tetrahydrofuran (THF) or another organic
solvent is used as adherence agent the attachment of the buckypaper on the
substrate is not achieved. The detailed process for the attachment was as
follows: firstly, the buckypaper was put on the substrate, secondly, a droplet
of toluene was put onto the buckypaper and, thirdly, it was covered with
a microscope slide weighted down with a 100g weight. Subsequently, the
whole prepared sandwich was placed on a hotplate and annealed for 10 min-
utes at 140◦C.
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Fig. 5.20: Scheme of the incident light (I0), concentration depended absorption (c,
α) and transmitted light (I1). Image taken from [240].
Another route to form buckypaper involves the use of a filter made of cellu-
lose mixed ester. The retantate on the filter can be separated from the filter
by simply dissolving the filter. Cellulose mixed ester is soluble in different
organic solvents, including acetone. This dissolving process has to be done
very carefully as the CNTs also interact with the solvent, which can lead
to a tear in the buckypaper. The major advantage of this approach is that
the buckypaper can be deposited direct onto different substrates. The pro-
cessing is as follows: the CNT-filter combination is laid with the CNT-side
on the substrate and then wetted with acetone. Afterwards, the main part
of the filter is transparent and swollen but still as solid. The filter can be
washed off the substrate-CNT layer by using an acetone jet. The rest of the
filter can be washed off by using a burette placed above the substrate cov-
ered with the buckypaper. Afterwards the burette is filled with an acetone
and ethanol mixture of [1:1] vol% and the substrate is cleaned drop-wise.
The substrate itself is tilted in order to allow the acetone filter mixture to
drain off the substrate. This completely frees the buckypaper from the filter
so that it can be used for further studies.
5.5 Summary
In this chapter the purification, functionalisation, and dispersion of CNT is
explained. Different methods of purification and functionalisation (covalent
and non-covalent) have been investigated. Non-covalent functionalisation
such as wrapping (polymer wrapped around CNT), or surfactants such as
tensides yields good CNT dispersion. These materials will remain in fur-
ther CNT processing. Covalent functionalisation, such as adding carboxylic
groups or fluorination, changes the work function of the CNT and enlarge
their band gap due to disturbance of the initial lattice of alternating sp1-
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Fig. 5.21: The UV-vis spectra of Figure 5.14. The concentration of
SWCNT within the dispersions are cSWCNTinCTAB=0.09mg/mL and
cSWCNTinSDS=0.1mg/mL.
and sp2-hybridized carbon bonds. The CNT dispersion was analyzed by
AFM measurements and UV-vis spectroscopy. The CNT concentration was
determined.
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Fig. 5.22: CNT buckypaper. Left: filter with vacuum filtrated CNTs on top. Right:
buckypaper after removal from the filter.
Fig. 5.23: SEM images of a buckypaper. Left: magnification of the images shown
in right. Right: CNT buckypaper.
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6. CARBON NANOTUBE SOLAR CELLS
The best organic solar cell based on CNTs (according to device efficiency) re-
ported so far was made by [139]. This reached power conversion efficiencies
of up to 4.9%. In most cases, solar cells with blended donor and acceptor
molecules in the active matrix are based on the so-called donor-acceptor BHJ
concept. Such a device consists of a three-dimensional interpenetrating net-
work usually containing conjugated polymers and fullerene derivatives. The
exciton diffusion length of about 10nm (reported values vary and have been
as large as 62nm) provides an effective limit to the active layer thickness.
A thin layer thicknesses is also required to reduce the recombination losses,
which are a result of the short carrier drift length Ld = µτE, where, µ is the
carrier mobility, τ is the carrier recombination time, and E is the electric
field. Post thermal annealing improves device morphology and therefore de-
vice performance [99].
Alternatively, CNTs can be added to the matrix. These act as conductive
channels with high carrier mobilities for charge carriers and exciton dissoci-
ation centres for holes, [115], or electrons, [112]. Up to now, CNT have been
used successfully as a TCO replacement in the anode layer. For such hole
collecting electrode devices, efficiencies of 2.5% have been achieved, [241]. In
the following section organic solar cells, which contain CNTs are presented.
6.1 CNT in polymer solar cells
As the first step of production, the CNTs were dispersed as described in chap-
ter 5. Following on from this the solution of dye with the specific solvent was
prepared. Subsequently, the supernatant of the CNT dispersion was mixed
together with the dissolved dye to a particular concentration of each. This
mixture was spin coated onto a cleaned ITO substrate, which was prepared
before hand with a Pedot:PSS layer in accordance with the fabrication pro-
cess described in chapter 4. The layer thickness of the Pedot:PSS layer was
100nm. Also the layer thickness of the P3HT layer as well as the thickness
of the P3HT:CNT blend layer, and the thickness of the P3HT:CNT:PCBM
blend layer were 100nm. The aluminium layer was 150nm thick. The layer
thicknesses of these layers stood unchanged for all presented polymer solar
cells. The CNT concentration was c=0.1mg/mL.
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6.1.1 CNT:P3HT
For the first produced sample the active matrix consisted of a P3HT-CNT
blend. This was used to investigate the performance of purely polymer-
CNT organic solar cells. The band diagram of the following solar cells are
shown in Figure 6.1. The Fill factor of these solar cells were in the range of
Fig. 6.1: Band diagram of the studied solar cells. The sample architecture consisted
of ITO-Pedot:PSS-P3HT:CNT-BPhen-Al. The work function of the CNTs
is in the range from 3.75eV-4.8eV as reported by literature. The different
energy levels of their work function are indicated by solid lines within the
blue rectangle. The P3HT:CNT blend is the active matrix.
0.28<FF<0.33. Thermal annealing treatments were made on these devices.
However, the obtained J-V dependency showed poor device performance
as.the devices became highly resistive and lost their diodic properties. It
is expected that such behaviour is due to oxygen adsorption during device
analysis under an ambient atmosphere. Furthermore, they were stored over
night under nitrogen before further experiments (thermal annealing) and
characterization measurements were made. However, the boxes turned out
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sample Rs [Ω] Rsh[kΩ] n FF Jsc [mA/cm2] Voc[V] η[%]
B31 as-is 268 12.05 3.27 0.32 -0.79 0.1 0.025
B32 as-is 67 16.10 5.97 0.28 -0.75 0.118 0.028
B33 as-is 214 13.11 3.37 0.33 -0.8 0.021 0.028
B34 as-is 201 14.91 3.46 0.32 -0.78 0.107 0.026
Tab. 6.1: Overview of the characteristic values of ITO-Pedot:PSS-P3HT:CNT-
BPhen-Al samples. Tempering destroys most of the samples.
not to be very gas proof. The diode ideality factor, n, varied for these devices
in the range of 3.27<n<5.97 with a mode value of n ≈ 3.4. Factors above
n=2 indicate the occurrence of enhanced recombination processes in the
bulk. The open circuit voltage stays relatively stable at around Voc ≈ 0.1V .
According to the metal-insulator-metal model, this implies that much of the
built-in voltage (Vbi) formed by the difference in the work-functions of the
two electrodes (ITO: ΦITO = 4.8eV and aluminium: ΦAl = 4.3eV ) Vbi =
ΦITO − ΦAl = 4.8 − 4.3 = 0.5V is lost in the device. In addition, the short
circuit current density stays relatively constant at JSC = −0.75mA/cm2.
This indicates, that CNTs from the Fraunhofer Institute IWS Dresden in
combination with P3HT yields devices with comparable and reproducible
properties. The efficiencies of these devices are small and in the range of
0.025 < η < 0.028. A post thermal annealing treatment of the device used
for the measurements shown in Figure 6.3 caused a significant change in the
J-V dependency. This treatment "killed" the photo current, as well as the
open circuit voltage. As a consequence, the device no longer functioned as a
solar cell. Device performances were enhanced by the addition of acceptor
materials like fullerenes. The effect of a thin layer of C60 (either 30nm or
60nm thick) is discussed in the next subsection.
6.1.2 CNT:P3HT-C60
On top of the P3HT:CNT layer a 30nm or 60nm C60layer was deposited
by thermal evaporation. Due to this process a sharp heterojunction at the
interface of the P3HT:CNT and C60 was formed. This leads to additional
exciton dissociation. The band diagram of the following solar cells are shown
in Figure 6.4. The main difference between the samples with the two thick-
nesses of the C60 was observed after the thermal annealing treatment. The
samples with a 30nm C60-layer do not show an improvement of their char-
acteristics due to the annealing process. Contrastingly, the samples with
a 60nm C60-layer show much improved characteristics. The difference was
interpreted as being due to small differences in the experimental conditions.
The variation in the series resistance was 203Ω < Rs < 470Ω. Although the
lowest series resistances were Rs < 100Ω, values of Rs ≈ 200Ω quite good.
The value of 470Ω was observed only for one sample. In Figure 6.5 the I-V
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sample Rs [Ω] Rsh[kΩ] n FF Jsc [mA/cm2] Voc[V] η[%]
B21 as-is 203 11.10 2.95 0.34 -3.3 0.172 0.19
B22 as-is 207 25.96 3.23 0.34 -2.64 0.164 0.19
B23 as-is 252 23.48 3.7 0.33 -2.33 0.170 0.13
B24 as-is 470 31.02 4.44 0.31 -2.00 0.171 0.1
Tab. 6.2: Overview of the characteristic values of ITO-Pedot:PSS-P3HT:CNT-C60-
BPhen-Al samples. Tempering destroyed the samples.
dependency of the sample shown in Figure 6.7 is fitted using the method
described in chapter 5. Since the misfit is quite small (∆ < 2 · 10−4) the
input values used in the fit can be assumed to well describe the device. The
lowest fill factor of FF=0.31 was calculated for the results shown in Figure
6.7. This cannot be in all cases attributed automatically to be a result of
the series resistance, but in this case the higher contact resistance influences
the fill factor. The diode ideality factor of n=4.44 for this sample indicates
that a high recombination rate occurs in the bulk, which also decreases the
fill factor. The C60 layer was then increased to 60nm. The doubling in
the thickness of this layer yielded good device improvement after the ther-
mal annealing process. Due to this process both the open circuit voltage
and the short circuit current increased. The fill factor was unchanged or in-
creased. For the measurements shown in Figure 6.8 a) the series resistance
of the sample increased from Rs = 43Ω to Rs = 176Ω due to the thermal
annealing treatment. However, it would be expected that the series resis-
tance should decrease due to the resulting improved layer morphology of the
active layer after the thermal annealing treatment. In addition, the contact
resistance between the organic semi-conductor and metal should have also
improved. Consequently, the resistance increase of this particular sample
was attributed to the formation of an oxidation layer on the aluminium elec-
trode. Contrastingly, the other samples of the series did not show such a
significant resistance change despite them undergoing the same treatments.
For the other samples the open circuit voltage almost doubles after the an-
nealing treatment. The short circuit current density also doubles. This
enhanced performance of the devices can be attributed to improvements in
the layer morphology and at the contact interfaces. The fill factor increases
slightly but increases as well after annealing. These samples show efficiencies
of around η = 0.5% - η = 0.75%.
6.1.3 P3HT:CNT:PCBM-C60
The architecture of the samples discussed in this section differ from the
previous ones by the addition of PCBM in the P3HT:CNT blend. The layer
thickness of the active matrix formed by P3HT:CNT:PCBM was 100nm
for all samples. Additionally, a layer of C60 was deposited on top of the
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sample Rs [Ω] Rsh[kΩ] n FF Jsc [mA/cm2] Voc[V] η[%]
B11
as-is 178 20.02 2.83 0.34 -2.36 0.168 0.13
annealed 158 20.20 3.7 0.37 -6.61 0.310 0.75
B12
as-is 43 11.81 3.92 0.35 -3.01 0.164 0.17
annealed 176 22.42 3.94 0.35 -6.29 0.306 0.67
B13
as-is 182 41.57 3.85 0.34 -2.38 0.155 0.12
annealed 159 22.03 4.19 0.35 -5.86 0.290 0.59
B14
as-is 183 16.72 3.26 0.35 -2.34 0.156 0.13
annealed 189 19.55 3.90 0.36 -4.78 0.298 0.51
Tab. 6.3: Overview of the characteristic values of ITO-Pedot:PSS-P3HT:CNT-C60-
BPhen-Al samples. Tempering destroyed most of the samples.
P3HT:CNT:PCBM layer. This layer was deposited by thermal evaporation
in a high vacuum system. The thickness of the C60 layer was 30nm. The
band diagram of the following solar cells are shown in Figure 6.11. The Fill
factors of these samples are relatively stable in the range of 0.32 < FF <
0.33 for the as-produced samples. After the annealing process FF=0.34,
which means the fill factor was improved by 3-6% due to this step. The
open circuit voltage is very much improved for all the samples due to this
annealing process, where a rise from around 100mV to values around 500mV
was observed. The latter value corresponds well with the difference of the
work functions of the two electrodes (ITO: ΦITO = 4.8eV and aluminium:
ΦAl = 4.3eV ). According to the metal-insulator-metal (MIM)-model (see
section 2.4) the open circuit voltage can be calculated as:
Vbi = ΦITO − ΦAl = 4.8− 4.3eV = 0.5V. (6.1)
As the open circuit voltage is in good agreement with the calculated value
of the difference of the two electrode work functions, the 500% increase
can be attributed to significantly improved contact properties of the metal-
semiconductor interface. The increase in short circuit current density is
also significant upon annealing. However, in contrast to the increase of the
diode ideality factor, this improvement is mainly based on the optimization
of the layer morphology. This fact indicates also that the annealing improves
the contact of the metal semiconductor interface. Nevertheless, the series
resistance approximately doubles due to the annealing process. This series
resistance increase can be due to either a bad fit of the data or the resistance
within the active matrix genuinely increases. The diode ideality factor before
annealing was in the range of 2.92 < n < 3.40 and afterwards was in the
range of 4.51 < n < 5.40. This can be explained by the increase in the series
resistance, which deforms the J-V dependency of the diode. Four samples
were produced with a 60nm thick C60 layer on top of the P3HT:CNT:PCBM
layer. The mobility of negative charge carriers in the C60 layer this effect
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sample Rs [Ω] Rsh[kΩ] n FF Jsc [mA/cm2] Voc[V] η[%]
C21
as-is 163 17.06 3.34 0.33 -2.76 0.104 0.09
annealed 549 19.94 4.51 0.34 -4.17 0.525 0.74
C22
as-is 160 14.54 3.33 0.33 -2.98 0.105 0.1
annealed 335 17.31 5.06 0.34 -5.13 0.521 0.91
C23
as-is 200 18.18 3.40 0.32 -2.75 0.105 0.09
annealed 348 18.68 5.04 0.34 -4.29 0.520 0.76
C24
as-is 185 14.46 2.92 0.32 -2.61 0.103 0.08
annealed 350 20.43 5.40 0.34 -4.09 0.511 0.7
Tab. 6.4: Overview of the characteristic values of ITO-Pedot:PSS-
P3HT:CNT:PCBM-C60-BPhen-Al samples. Tempering increased
the device performance.
has a larger influence such that it causes smaller or comparable short circuit
current densities compared with the devices with a 30nm C60. The efficiency
was about ten times larger after annealing. This was mainly due to the
tremendous increase of the open circuit voltage, on average from 100mV to
500mV. Three of the four samples showed a decrease of the series resistance
after the annealing treatment. This can be interpreted as being due to an
improvement of the metal semiconductor contact, as also the diode ideality
factor increases to values near to n=5. In addition, the shunt resistance
increases more or less significantly in three of the four samples. The shunt
resistance is known to be an indicator for the quality of the pn-junction
in anorganic devices. For the organic system it gives an indication of the
quality of the layer homogeneity. In other words the blended CNTs do not
break through the single layers and cause shunts.
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Fig. 6.2: P3HT:CNT solar cells. CNT are blended in the P3HT layer. The device
architecture is ITO-Pedot:PSS-P3HT:CNT-BPhen-Al. Left: full graph of
J-V characteristics, where black corresponds to dark condition, red rep-
resents under illumination, and green corresponds to illumination after
thermal annealing. Right: magnification around the origin. The charac-
teristic values are summarized in table 6.1.
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Fig. 6.3: P3HT:CNT solar cell. The device architecture is ITO-Pedot:PSS-
P3HT:CNT-BPhen-Al. Left: full graph of J-V characteristics, where
black corresponds to dark, red represents under illumination and green
corresponds to illumination after thermal annealing. Right: magnifica-
tion around the origin. The characteristic values are: VOC = 0.104V ,
JSC = −0.78mA/cm2, FF=0.32, η = 0.026%, Rs = 201Ω, Rsh = 14915Ω,
n=3.46.
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Fig. 6.4: Band diagram of the studied solar cells. The sample architecture consisted
of ITO-Pedot:PSS-P3HT:CNT-C60-BPhen-Al. The work function of the
CNTs is in the range from 3.75eV-4.8eV as reported by literature. The
different energy levels of their work function are indicated by solid lines
within the blue rectangle. The P3HT:CNT blend covered with the C60
layer is the active matrix.
143
6.1 CNT in polymer solar cells Carbon nanotube solar cells
−0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1
−18
−16
−14
−12
−10
−8
−6
−4
−2
0
2
x 10−4
 
 
original graph
fitted graph
Fig. 6.5: Fit of I-V curve in Matlab (sample:B24). The match is good.
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Fig. 6.6: P3HT:CNT-C60 solar cells. CNTs are blended in the P3HT layer. The
device architecture is ITO-Pedot:PSS-P3HT:CNT-C60-BPhen-Al. The
thickness of the C60 layer is 30nm. Left: full graph of J-V character-
istics, where black corresponds to dark condition, red represents under
illumination, and green corresponds to illumination after thermal anneal-
ing. Right: magnification around the origin. The characteristic values are
summarized in table 6.2. 145
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Fig. 6.7: P3HT:CNT-C60 solar cell. The device architecture is ITO-Pedot:PSS-
P3HT:CNT-C60-BPhen-Al. The thickness of the C60 layer is 30nm. The
thickness of the C60 layer is 30nm. Left: full graph of J-V characteristics,
where black corresponds to dark, red represents under illumination and
green corresponds to illumination after thermal annealing. Right: magni-
fication around the origin. The characteristic values are: VOC = 0.171V ,
JSC = −2.00mA/cm2, FF=0.31, η = 0.1%, Rs = 470Ω, Rsh = 31023Ω,
n=4.44.
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Fig. 6.8: P3HT:CNT-C60 solar cells. CNTs are blended in the P3HT layer. The
device architecture is ITO-Pedot:PSS-P3HT:CNT-C60-BPhen-Al. The
thickness of the C60 layer is 60nm. Left: full graph of J-V character-
istics, where black corresponds to dark condition, red represents under
illumination, and green corresponds to illumination after thermal anneal-
ing. Right: magnification around the origin. The characteristic values are
summarized in table 6.3. 147
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Fig. 6.9: P3HT:CNT-C60 solar cell. The device architecture is ITO-Pedot:PSS-
P3HT:CNT-C60-BPhen-Al. The thickness of the C60 layer is 60nm. Left:
full graph of J-V characteristics, where black corresponds to dark, red
represents under illumination and green corresponds to illumination after
thermal annealing. Right: magnification around the origin. The char-
acteristic values are: VOC = 0.156V , JSC = −2.34mA/cm2, FF=0.35,
η = 0.13%, Rs = 183Ω, Rsh = 16720Ω, n=3.26. After thermal an-
nealing the values are: VOC = 0.298V , JSC = −4.78mA/cm2, FF=0.36,
η = 0.51%, Rs = 189Ω, Rsh = 19552Ω, n=3.90.
Fig. 6.10: Efficiencies and fill factors before and after thermal annealing of
P3HT:CNT and P3HT:CNT-C60 solar cells. Thermal annealing signifi-
cantly improves the device performance, if the solar cell contains a C60
layer.
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Fig. 6.11: Band diagram of the studied solar cells. The sample architecture con-
sisted of ITO-Pedot:PSS-P3HT:CNT:PCBM-C60-BPhen-Al. The work
function of the :CNTs is in the range from 3.75eV-4.8eV as reported by
literature. The different energy levels of their work function are indicated
by solid lines within the blue rectangle. The P3HT:CNT:PCBM blend
covered with the C60 layer is the active matrix.
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Fig. 6.12: P3HT:CNT:PCBM-C60 solar cells. CNTs are blended in the
P3HT:PCBM composite layer layer. The device architecture is ITO-
Pedot:PSS-P3HT:CNT:PCBM-C60-BPhen-Al. The thickness of the C60
layer is 30nm. Left: full graph of J-V characteristics, where black corre-
sponds to dark condition, red represents under illumination, and green
corresponds to illumination after thermal annealing. Right: magnifica-
tion around the origin. The characteristic values are summarized in table
6.4.
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Fig. 6.13: P3HT:CNT:PCBM-C60 solar cell. The device architecture is ITO-
Pedot:PSS-P3HT:CNT:PCBM-C60-BPhen-Al. The thickness of the C60
layer is 30nm. Left: full graph of J-V characteristics, where black
corresponds to dark, red represents under illumination and green cor-
responds to illumination after thermal annealing. Right: magnifica-
tion around the origin. The characteristic values are: VOC = 0.103V ,
JSC = −2.61mA/cm2, FF=0.32, η = 0.08%, Rs = 185Ω, Rsh = 14462Ω,
n=2.92. After thermal annealing the values are: VOC = 0.511V ,
JSC = −4.09mA/cm2, FF=0.34, η = 0.70%, Rs = 350Ω, Rsh = 20430Ω,
n=5.40.
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Fig. 6.14: P3HT:CNT:PCBM-C60 solar cells. CNT are blended in the
P3HT:PCBM composite layer layer. The device architecture is ITO-
Pedot:PSS-P3HT:CNT:PCBM-C60-BPhen-Al. The thickness of the C60
layer is 60nm. Left: full graph of J-V characteristics, where black corre-
sponds to dark condition, red represents under illumination, and green
corresponds to illumination after thermal annealing. Right: magnifica-
tion around the origin. The characteristic values are summarized in table
6.5.
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Fig. 6.15: P3HT:CNT:PCBM-C60 solar cell. The device architecture is ITO-
Pedot:PSS-P3HT:CNT:PCBM-C60-BPhen-Al. The thickness of the C60
layer is 60nm. Left: full graph of J-V characteristics, where black corre-
sponds to dark, red represents under illumination, and green corresponds
to illumination after thermal annealing. Right: magnification around the
origin. The characteristic values are summarized in table 6.5.
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sample Rs [Ω] Rsh[kΩ] n FF Jsc [mA/cm2] Voc[V] η[%]
C11
as-is 187 14.37 2.79 0.33 -2.32 0.104 0.08
annealed 359 15.61 4.61 0.33 -4.01 0.509 0.67
C12
as-is 622 21.10 4.46 0.26 -1.37 0.105 0.03
annealed 460 21.48 4.71 0.32 -1.99 0.525 0.33
C13
as-is 401 12.82 2.79 0.31 -2.39 0.107 0.08
annealed 284 18.34 4.94 0.32 -4.16 0.518 0.71
C14
as-is 213 13.80 3.11 0.32 -2.34 0.106 0.08
annealed 70 9.74 6.01 0.34 -3.91 0.517 0.69
Tab. 6.5: Overview of the characteristic values of ITO-Pedot:PSS-
P3HT:CNT:PCBM-C60-BPhen-Al. samples. Tempering yields good
results.
Fig. 6.16: Efficiencies and fill factors before and after thermal annealing of
P3HT:CNT:PCBM-C60 solar cells(C1-C2). Thermal annealing signifi-
cantly improved the device performances, if the solar cells contain a C60
layer.
6.2 CNTs in small molecule solar cells
Solution based organic solar cells with CuPc-TS were studied. The CuPc-TS
showed a propensity to crystallize, which caused mash-grid like layers.
Hence, the layers had to be spin coated. The forces due to the angular
velocity cause the liquid to spread over the substrate, thus forming a thin
layer right from the beginning of the spin process. This suppresses the mesh-
grid formation and leads to the formation of films of high homogeneity. The
layer thickness of the Pedot:PSS layer was 100nm. Also the layer thickness
of the CuPc-TS:CNT blend layer was 100nm. The aluminium layer was
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150nm thick. The layer thicknesses of these layers stood unchanged for all
presented polymer solar cells. The CNT concentration was c=0.1mg/mL.
6.2.1 CuPc-TS:CNT
Functionalized SWCNTs were dispersed and added to the dye solution as
explained in chapter 4.The solar cells produced with such mixtures showed
similar properties. The band diagram of the following solar cells are shown
in Figure 6.17.
Fig. 6.17: Band diagram of the studied solar cells. The sample architecture con-
sisted of ITO-Pedot:PSS-CuPc-TS:CNT-BPhen-Al. The work function
of the CNTs is in the range from 3.75eV-4.8eV as reported by literature.
The different energy levels of their work function are indicated by solid
lines within the blue rectangle. The CuPc-TS:CNT blend is the active
matrix.
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sample Rs [Ω] Rsh[kΩ] n FF Jsc [mA/cm2] Voc[V] η[%]
E31
as-is 190 18.59 4.91 0.24 -0.53 0.162 0.02
annealed 525 45.32 4.60
E32 as-is 205 13.52 4.73 0.21 -0.36 0.170 0.01
E33 as-is 231 14.78 3.41 0.22 -0.063 0.137 0.002
E34 as-is 145 14.88 4.36 0.24 -0.24 0.095 0.005
Tab. 6.6: Overview of the characteristic values of ITO-Pedot:PSS-CuPc-TS:CNT-
BPhen-Al samples. Tempering destroyed most of the samples.
Thermal annealing yield bad J-V characteristics. Only one sample
(shown in Figure 6.18) of this series of experiments yielded a J-V depen-
dency after the annealing step. All other samples developed contact prob-
lems and could not be measured. The open circuit voltage for this one
sample of 95mV < VOC < 170mV is relatively low. The fill factor of
0.21<FF<0.24 is in agreement with the measured J-V dependency. Un-
der illumination the photocurrent shows the significant influence of the
series resistance. Nevertheless, the series resistances are in the range of
Rs = 145Ω < Rs < Rs = 231Ω, which are quite good values for solar cells.
The short circuit current density is small compared with the polymer cells.
This implies that either the charge transfer state is restricted due to a poor
match of the energy levels of the used materials, or recombination takes
place.
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Fig. 6.18: CuPc-TS:CNT solar cells. CNTs are blended in the CuPc-TS layer. The
device architecture consisted of ITO-Pedot:PSS-CuPc-TS:CNT-BPhen-
Al. Left: full graph of J-V characteristics, where black corresponds to
dark condition, red represents under illumination. Right: magnification
around the origin. The characteristic values are summarized in table 6.6.
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Fig. 6.19: CuPc-TS:CNT solar cell. The device architecture consisted of ITO-
Pedot:PSS-CuPc-TS:CNT-BPhen-Al. Left: full graph of J-V charac-
teristics, where black corresponds to dark, red represents under illu-
mination and green corresponds to illumination after thermal anneal-
ing. Right: magnification around the origin. The characteristic val-
ues are: VOC = 0.095V , JSC = −0.24mA/cm2, FF=0.24, η = 0.005%,
Rs = 145Ω, Rsh = 14886Ω, n=4.36.
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6.2.2 CuPc-TS:CNT-C60
These samples had a 30nm thick C60 on top of the CuPc-TS:CNT composite
layer used in the previous section. The C60 layer caused an upward leap of
the short circuit current density to JSC = −1.66mA/cm2. This was a 400%
increase compared with samples without the C60. For these samples charge
transfer is the most improved mechanism. The band diagram of the follow-
ing solar cells are shown in Figure 6.20. In these samples the photocurrent
Fig. 6.20: Band diagram of the studied solar cells. The sample architecture con-
sisted of ITO-Pedot:PSS-CuPc-TS:CNT-C60-BPhen-Al. The work func-
tion of the CNTs is in the range from 3.75eV-4.8eV as reported by litera-
ture. The different energy levels of their work function are indicated by
solid lines within the blue rectangle. The CuPc-TS:CNT blend covered
with the C60 layer is the active matrix.
was influenced by series resistance, although the values were in the useful
range of Rs = 144Ω < Rs < Rs = 144Ω. However, the open circuit volt-
age was almost in the same range of the samples without a C60 layer. The
diode ideality factor is also in the same range of 3.9<n<5.10 as the sample
without this layer, which can be attributed to the resistance influence in the
J-V dependency. The fill factor stayed below FF=0.3, which implies that
the C60 layer enhances the short circuit current density. However, from the
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sample Rs [Ω] Rsh[kΩ] n FF Jsc [mA/cm2] Voc[V] η[%]
E21 as-is 194 12.10 3.90 0.25 -1.66 0.210 0.09
E22 as-is 154 15.80 5.00 0.24 -1.05 0.165 0.04
E23 as-is 144 16.56 4.88 0.23 -0.96 0.151 0.03
E24
as-is 153 12.01 4.37 0.26 -0.65 0.108 0.01
annealed 559 24.72 5.10
Tab. 6.7: Overview of the characteristic values of ITO-Pedot:PSS-CuPc-TS:CNT-
C60-BPhen-Al samples. The thickness of the C60 layer is 30nm. Temper-
ing destroyed most of the samples.
measurements it is clear that the current density-voltage dependencies are
dominated by the CuPc-TS:CNT blend. This is seen clearly when Figures
6.18-6.19 are compared with Figures 6.21-6.22. Another possible explana-
tion of the J-V dependencies of the small molecule solar cells takes traps
into account. In general, every trap can function as a recombination centre
for charge carriers. However, whether this occurs depends on the relevant
time constants for recombination and detraping. If the detraping time is
shorter than the recombination time, detrapping of the temporarily trapped
charge carriers takes place. These charge carriers are once more part of the
photocurrent of the device. On the other hand, if the recombination time
is shorter than the detrapping time, the trapped charge carriers recombine
and are lost from the photocurrent. Therefore, traps working as recombina-
tion centres have the most detrimental influence of all traps on the device
performance.
The influence of trapped charge carriers on the built-in field of an organic
solar cell device mainly is not field weakening, because a certain amount
of trapped charges have to exist. Organic solar cell layers are usually of a
thickness of 100nm to 200nm, which is simply too thin to place enough traps
in for an effective weakening of the field. So the weakening of the built-in
field takes place over the whole organic semiconductor layer.
Field weakening can occur when the ambivalent current flow of holes and
electrons are not balanced. This happens when the mobility of the different
charge carriers significantly differ from each other, or when the injection
barriers at the respective electrodes are not balanced causing one type of
charge carrier to be favourably injected into the electrode. Consequently,
one type of charge carrier accumulates in the bulk semi-conductor material
at the interface of the other (non-injecting) electrode. Depending on the
height of the injection barrier, the built-in field can be significantly weak-
ened resulting in a small device photocurrent. Thus the photocurrent is a
SCLC due these "parked" charge carriers.
The CuPc-TS exists as an ion when dissolved in distilled water. The sodium
on the molecule is positively charged in the liquid. When the layer of
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sample Rs [Ω] Rsh[kΩ] n FF Jsc [mA/cm2] Voc[V] η[%]
E11 as-is 71 25.21 3.36 0.30 -3.20 0.210 0.2
E12 as-is 88 16.33 3.09 0.27 -2.43 0.160 0.1
E13 as-is 112 17.18 4.10 0.28 -1.52 0.116 0.04
E14 as-is 545 19.09 6.37 0.28 -0.90 0.093 0.02
Tab. 6.8: Overview of the characteristic values of ITO-Pedot:PSS-CuPc-TS:CNT-
C60-BPhen-Al samples. Tempering destroyed the samples.
CuPc-TS is spin-coated onto the substrate, the ionized sodium stays within
the layer. As sodium has an ionization potential of 5.14eV the sodium will
easily attract one electron from the CuPc, as its HOMO level is around
5.2eV. Therefore, the CuPc is positively ionized in the bulk. The ionized
sodium acts as a p-dopant, which is favourable for the donor layer.
The J-V curve can be interpreted in terms of the Poole-Frenkel effect, as the
log(J) versus
√
V dependency in the third and fourth quadrants is linear,
[65]. This linear dependency of the logarithm of the current density versus
the square root of the voltage is shown in Figure 6.23. The Pool-Frenkel ef-
fect is a bulk related mechanism in which a field assisted thermal detrapping
of the carriers take place. The next series of experiments include a 60nm
thick C60 layer.
6.3 Impact of CNTs on the presented organic solar cells
The solar cells which contain CNTs in the active matrix tend to show better
initial device performance after deposition. For such solar cells a post depo-
sition treatment such as thermal annealing was shown to only be effective
for one series of samples. Efficiencies of η = 0.6% were reached after thermal
annealing. CNTs were added to both solar cells based on small molecules
and polymers. An overview of the averaged measured parameters of the
different solar cell combinations are shown in Table 6.9 and Table 6.10.
6.3.1 Impact of CNTs on small molecule solar cells
Solar cells consisting of either CuPc-TS or a CuPc-TS:CNT blend layer were
compared. In some cases a C60 layer was deposited onto the CuPc-TS or
CuPc-TS:CNT blend layer.
The efficiency for devices which included CNTs increased were four times
larger than devices without CNTs or a C60 layer. The FF for these devices
was 1.6 times larger for the samples which included CNTs. The FF for
devices was largely unchanged with the deposition of a C60 layer of 30nm
or 60nm thickness onto the CuPc-TS or CuPc-TS:CNT blend layer. The
efficiency for devices with a 30nm C60 layer and CNTs was 15.5 times larger
than for devices without CNTs. The efficiency for devices with a 60nm C60
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c60 post treatment
CuPc-TS CuPc-TS:f-CNT
η FF η FF
0nm
as-is 0.00225 0.1425 0.00925 0.2275
annealed - - - -
30nm
as-is 0.00275 0.24 0.0425 0.2425
annealed 0.0001 0.36 - -
60nm
as-is 0.0295 0.285 0.09 0.2825
annealed 5.6·10−6 0.233 - -
Tab. 6.9: Overview of the efficiencies (η) and FF of the various solar cells consisting
of small molecules, CuPc-TS as absorber material fabricated in this work.
The impact of the CNTs on the device performance can be seen in this
data. The CNTs yield an increase of the efficiency of the as-prepared
samples compared to the same samples without CNTs.
c60 post treatment
P3HT:CNT P3HT:PCBM P3HT:CNT:PCBM
η FF η FF η FF
0nm
as-is 0.02675 0.3125 0.017 0.29 - -
annealed - - 0.056 0.2375 - -
30nm
as-is 0.1525 0.33 0.083 0.323 0.09 0.325
annealed - - 0.78 0.42 0.7775 0.34
60nm
as-is 0.1375 0.345 - - 0.0675 0.305
annealed 0.63 0.3575 - - 0.6 0.3275
Tab. 6.10: Overview of the efficiencies (η) and FF of the various solar cells with the
polymer P3HT as absorber material fabricated in this work. The impact
of the CNTs on the device performance can be seen in this data. Like
the samples having small molecules as absorbing material, for polymer
solar cells the CNTs yield an increase of the efficiency of the as-prepared
samples compared to the same samples without CNTs.
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layer increased 3 times if CNTs were blended in the CuPc-TS layer in com-
parison to devices without CNTs.
The larger efficiencies for solar cells with blended CNTs in the CuPc-TS
layer can be linked to the enhanced charge carrier transport properties in
the CuPc-TS layer. This enhancement decreases the resistances for charge
carriers travelling in the dye layer towards the outer electrodes. In addi-
tion, an increase of the efficiency is derived from the enhanced exciton dis-
sociation at the CNT-CuPc-TS interface, which caused an increase in the
photo-generated short circuit current density, Jsc. The averaged short cir-
cuit current density increased from Jsc = 0.3225ma/cm2 for devices without
CNTs to Jsc = 0.78ma/cm2 for devices including CNTs. This is a 2.4 times
increase of the short circuit current density.
6.3.2 Impact of CNTs on polymer solar cells
Devices with a P3HT:CNT blend layer were compared with devices con-
sisting of a P3HT:CNT:PCBM blend layer. These devices had either no
C60 layer or a C60 layer that was 30nm or 60nm thick. For devices with-
out a C60 layer the as deposited efficiency tended to be 1.6 times larger for
the devices containing CNTs compared to the devices containing no CNTs .
Thermal annealing increased the efficiency of the devices containing PCBM
to η = 0.056%, which was twice as high as the efficiency of the devices
containing CNTs before the thermal annealing treatment. Thermal anneal-
ing destroyed these devices. The measured fill factor of FF ≈ 0.33 was
approximately the same for all samples (samples with or without CNTs).
The fill factor for devices with a 30nm C60 layer was approximately the
same for samples with or without CNTs as long as these samples were not
thermal annealed. The efficiency of devices containing CNTs was shown to
be 1.7-1.8 times larger compared to devices containing no CNTs. After the
thermal annealing treatment devices containing PCBM reached efficiencies
of η = 0.78%. This is 5.1 times higher than the initial efficiency of the
sample containing CNTs. The fill factor for devices made of P3HT:PCBM
reached FF=0.42. This was the highest averaged value for the fill factor
of all series of experiments. The fill factor for devices containing a 60nm
C60 layer stayed roughly constant for all samples before and after the ther-
mal annealing treatment. For the device with this thicker C60 layer, the fill
factor for samples containing CNTs reached FF=0.35 and samples without
CNTs reached fill factors of FF=0.3-FF=0.32. The last series of experiments
showed that samples containing PCBM and/or CNTs reach similar efficien-
cies after a thermal annealing treatment. The results can be explained by
morphology changes in the photovoltaic active matrix, as the experimen-
tal conditions were the same for all samples. CNTs show to have as good
acceptor properties for exciton dissociation as PCBM shows to have.
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6.4 Summary
In this chapter organic solar cells containing carbon nanotubes have been
fabricated. The absorber materials either were small molecules or poly-
mers. Blends of CNT and P3HT, CNT with P3HT and PCBM as well as
CNT and CuPc-TS were investigated. These blends form different device
architectures. The device architectures studied were bulk-heterojunction
and a combination of a bulk-heterojunction and heterojunction. The lat-
ter both (e.g., P3HT and CNT or CuPc-TS and CNT blend (forming the
bulk-heterojunction) covered with a layer of C60 (forming the heterojunc-
tion) yield the BHJ-HJ architecture). The J-V curve show different curve
shapes after thermal annealing. For some devices the efficiency increase due
to thermal annealing. Other devices were destroyed due to annealing. How-
ever, the applied thermal treatment was identical for all devices. Efficiencies
of 0.001 < η < 1% were achieved. The achieved efficiencies and fill factors
were summarized. The impact of CNTs on the fill factors and the efficiencies
of the devices is presented in detail.
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Fig. 6.21: CuPc-TS:CNT-C60 solar cell. The thickness of the C60 layer is 30nm.
The device architecture is ITO-Pedot:PSS-CuPc-TS:CNT-C60-BPhen-
Al. Left: full graph of J-V characteristics, where black corresponds to
dark condition, red represents under illumination. Right: magnification
around the origin. The characteristic values are summarized in table 6.7.
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Fig. 6.22: CuPc-TS:CNT-C60 solar cell. The device architecture is ITO-Pedot:PSS-
CuPc-TS:CNT-C60-BPhen-Al.The thickness of the C60 layer is 30nm.
Left: full graph of J-V characteristics, where black corresponds to dark,
red represents under illumination and green corresponds to illumination
after thermal annealing. Right: magnification around the origin. The
characteristic values are summarized in table 6.7. After thermal anneal-
ing the values are: Rs = 559Ω, Rsh = 24724Ω, n=5.10. After annealing
the device works as diode without a Photocurrent (Jsc is of positive in-
teger).
Fig. 6.23: J-V characteristic of sample shown in Figure 6.21 a). First absolute
values were calculated then the graph was plotted. The log(J) versus√
U graph corresponds to the original voltage range from -0.5V-0V.
168
Carbon nanotube solar cells 6.4 Summary
Fig. 6.24: CuPc-TS:CNT-C60 solar cell. The thickness of the C60 layer is 60nm.
The device architecture is ITO-Pedot:PSS-CuPc-TS:CNT-C60-BPhen-
Al. Left: full graph of J-V characteristics, where black corresponds to
dark condition, red represents under illumination. Right: magnification
around the origin. The characteristic values are summarized in table 6.8.
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Fig. 6.25: CuPc-TS:CNT-C60 solar cell. The thickness of the C60 layer is 60nm.
The device architecture is ITO-Pedot:PSS-CuPc-TS:CNT-C60-BPhen-
Al. Left: full graph of J-V characteristics, where black corresponds to
dark condition, red represents under illumination. Right: magnification
around the origin. The characteristic values are summarized in table 6.8.
Fig. 6.26: Efficiencies and fill factors of the devices containing either CuPc-TS:CNT
or CuPc-TS:CNT-C60 (E1-E3). The thicknesses of the C60 layer were
either 30nm or 60nm.
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7. VERTICALLY ALIGNED CARBON NANOTUBE SOLAR
CELLS
Organic solar cell device architecture has been attracting much interest re-
cently in the field of organic bulk-heterojunctions, in which the donor and
acceptor material is blended within one layer. Such a structure enables ex-
citon dissociation to occur over the whole active matrix (in contrast to a
common heterojunction solar cell structure), because the average distance
between a donor and acceptor molecule is less than the exciton diffusion
length of ≈10nm. After the dissociation process the charge carriers hop
in their respective n- or p-layer towards the electrodes along percolation
paths. These pathways are in most case randomly distributed in the layer.
A thermal annealing treatment after the deposition of the layers enables
crystal growth in the organic materials and increases the nano-crystallinity
of the morphology. In addition, phase separation of the donor and acceptor
material takes place and the nano crystals are randomly distributed in the
layer. Charge transportation is much better in a crystalline grain due to the
stronger overlap of the molecular orbitals, however, if the number of grain
boundaries increases the conductivity of the layers decreases, due to the sig-
nificant resistive contribution caused by the grain boundary interfaces [242].
Therefore, two important challenges have to be addressed during the mor-
phology optimization process driven by the thermal annealing treatment:
• the grain orientation has to be aligned along the built-in electric field
direction in order to achieve optimized charge carrier transport and
• the grain size should be ideally comparable with the layer thickness
in order to avoid grain boundary interface resistances in the absorber
layer.
An electrode constructed from a vertically aligned carbon nanotube forest
(see Figure 7.1) can be used to solve this challenge, at least for one type
of charge carrier of the ambivalent current flow in the device if the blend is
embedded in the forest. The va-CNT arrays used in this thesis were grown in
the FHG-Fraunhofer Institute for Ceramic Systems and Technology (IKTS),
Dresden. The separation of the nanotubes was about 10nm-40nm, which
means the charge carriers would have to cover a distance of 5nm-20nm before
reaching a nanotube. The nanotube array was synthesized by a pe-CVD
technique. In this process the length of the tubes can reach up to tens of
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microns. The nanotubes were grown on a 150nm TiN layer, which has a
metallic conductivity of 5 · 105S/m.
Fig. 7.1: va-CNT forest. Left: top-view, right: cross-section.
7.1 Fabrication
The va-CNT forest is supported by Dr. Endler from the IKTS, Dresden. Sil-
icon wafers (thickness: 500µm)served as the substrates for the production of
aligned carbon nanotube films <100>, On top of these a TiN layer (150nm)
was deposited directly onto the silicon by physical vapour deposition (PVD),
explicitly via magnetron sputtering. For the nanotube growth iron particles
were used as the catalyst. The particles were deposited by pulsed laser de-
position. The synthesis of the wires was made using a pe-CVD tool which
included a horizontal quartz tube (diameter 75mm). For the synthesis of the
tubes the substrates were heated-up in a mixture ofH2 and Argon. Once the
temperature had stabilized at the reaction temperature of 750◦C, methane
was introduced into the reaction chamber. Methane starts the CNT growth
process, which was done at atmospheric pressure. A mixture of carbon
source gas (methane) and the carrier gases (H2 and Argon) was used. The
volume ratio between methane and the carrier gases was fixed to 1:16. After
a deposition time of 20 minutes, the gas flows were turned off. Subsequently,
the samples were cooled down under an argon atmosphere. The arrays pro-
duced by this method consisted of SWCNTs and MWCNTs. Their presence
was established by making Raman measurements (see Figure 7.2).
Iron is used as the CNT growth catalyst. The catalyst layer of 3nm thick-
ness is deposited under high vacuum by magnetron sputtering. The forests
were synthesized by pe-CVD. In this process the chamber is evacuated to
10−7mbar and the substrate is heated up to 700◦C-750◦C. The process gases
are hydrogen (H2), ethene (C2H2) and argon (Ar). The va-CNT growth rate
is non linear. In the first 70s time interval of synthesis no CNT growth takes
place. The first 70s are a process dead-time, tdead. After a total synthesis
time of tsynthesis = 80s va-CNT with a height of 800nm to 1,2µm were syn-
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thesized. This high sensitivity to the synthesis time is due to the 150nm
TiN layer. This can be assumed by synthesis results of va-CNT growth on
Al2O3. The va-CNTs grown on Al2O3 do not show this non-linear high sen-
sitive dependency of synthesis time and CNT length.
Samples of va-CNTs grown on an Al2O3 buffer layer do not show this strong
nonlinear growth behaviour. By replacing the TiN layer with an Al2O3
layer allows a controlled synthesis of va-CNT layer thickness in the range
of 200nm is possible. This second va-CNT growth possibility is based on a
500µm silicon wafer , coated with a 200nm aluminium oxide layer with a
3nm iron layer on top. This route enables the synthesis of va-CNTs with the
required height but the aluminium oxide layer restricts this design for elec-
trical applications. Approaches used to strip away the infiltrated va-CNTs
from the wafer, for the purpose of the thermal evaporation of the electrode
on the bottom of the removed infiltrated va-CNT, often damage the layer.
The va-CNTs had a mass density of ≈ 0.03g · cm−3 an open volume around
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Fig. 7.2: Raman spectra of va-CNT. The D- and G-bands clearly identify the
CNTs. The increase of the signal around 250cm−1 indicate the presents
of SWCNTs on the va-CNT array.
the tubes of around 90%. Slight variations of the process parameters during
the pe-CVD synthesis of the va-CNT samples yielded differences between
the va-CNT samples. These variations, however, were not optically visible.
Thus, AFM measurements were needed in order to prove these differences
in sample homogeneity. An AFM image of such samples is shown in Fig-
ure 7.3. The surface roughness, Rms, is Rms=0.105µm. The height profiles
prove inhomogeneous CNT length across the substrate. The va-CNT array
has regions with super-long CNT bundles sticking out, or vice versa, the ar-
ray exhibits regions with super-short CNT. These regions appear as "holes"
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in the top view of the CNT forest. Mostly hole free samples of compara-
ble quality to the one shown in the Figure 7.3 were used were used for all
subsequent studies. The TiN layer has to fulfill two requirements
Fig. 7.3: a) AFM image of a "good" CNT array, its surface roughness is
Rms=0.105µm. b) magnification of a). c) corresponding height profile
from b). d) "poor" samples. Their surface roughness is 0.65 µm. At par-
ticular locations either holes exist or super-long bundles stick out above
the surface. The average CNT length here is around 1µm; e) correspond-
ing height profile of va-CNT array along marked line in d). Images d) and
e) taken from [143].
• the layer has to be electrically conductive, and
• the layer has to act as a diffusion barrier for catalyst materials of the
CNT synthesis.
This is necessary in order to get all va-CNTs electrically connected with the
bottom electrode (TiN layer) and to suppress a diffusion of the CNT growth
catalysts (usually nickel or iron) into the silicon wafer. The TiN layer has
different resistances over the wafer size. This can be caused by either local
variations of the process parameters during synthesis yielding a variation
in the ratio of titanium and nitrite within the TiN layer or by a variation
in the thickness of the TiN layer over the substrate. The TiN layer was
electrically characterized by using the 4-point contact arrangement shown
in Scheme 7.4. The electrodes were arranged in-line or with a quadratic
geometry. The measurements were then compared with each other. The
electrical measurements and calculated resistances are shown in Figure 7.5.
The location of each measurement on the substrate is shown in Figure 7.6.
Route towards va-CNT solar cells
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Fig. 7.4: The TiN layer was investigated on five different parts in order to investi-
gate the homogeneity of the resistivity over the wafer.
Fig. 7.5: Electrical measurements and calculated resistances. a) I-V characteristics
of TiN layer measured by 4-point method with two different electrode
geometries. b) resistances of the TiN layer. Values vary more than 100%.
Once the va-CNT has been synthesized it should be purified in order to re-
move carbonaceous impurities and the growth catalysts. This is necessary as
the performance of organic solar cells is highly sensitive to the impurities. In
addition, the layer thickness is crucial for device performance. Consequently,
precise tailoring of va-CNT array height is important. This can be achieved
by using different techniques such as an oxygen plasma treatment and an
rapid thermal annealing (RTA) treatment. The CNTs also can be func-
tionalized by the method of gas phase fluorination in a NF3-plasma. This
enlarges the bandgap of the CNTs and decrease their work function [243].
An expected benefit of such a process is enhanced solar cell performance.
Subsequently, the array can be infiltrated with a dye which was done by liq-
uid phase wetting. The OSC based on the va-CNT forest had the following
layer ordering: 500µm silicon wafer - 150nm TiN - 1,3µm va-CNT - 150nm
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Fig. 7.6: Resistances of the TiN layer. Values vary over the wafer.
to 500nm dye cover layer - Pedot:PSS (see Figure 7.7). This architecture
is classified as an inverted OSC design. The cathode of this device is the
TiN layer at the bottom and the anode is the Pedot:PSS layer on top of the
device. The generated excitons are dissociated at the donor-acceptor inter-
face and the positive charge carriers hop to the Pedot:PSS layer whilst the
electrons are transported along the CNT sidewall towards the TiN layer. In
order to avoid electrical shorts during the electrical characterization under
the sun equivalent source (air mass 1.5 (AM1.5)) the edge of the infiltrated
substrate was dipped into resin before the Pedot:PSS layer was deposited
onto it (see Scheme 7.7).
Fig. 7.7: Scheme of the 3D organic solar cell used in the electrical characterization
measurements. Image taken from [244].
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7.2 Purification
The used CVD synthesis method involved a catalyst-assisted decomposition
of ethene in the presence of helium carrier gas and the growth of the CNTs
by iron catalyst (as transition metal) at a temperature of 750◦C. Although
the CVD method has the advantage that vertically aligned tubes can be
synthesized, it has the drawback that it causes a high defect density in
the obtained CNTs. The cause of this is the low synthesis temperature in
comparison with arc discharge and laser ablation which produce CNTs with
less defects. The typical SWCNT content in as-prepared samples by CVD
is ≈30–50 wt% for synthesis optimized for SWCNT growth. The content of
MWCNTs is in the range of ≈30–99 wt% depending on their diameters, if
the synthesis is optimized for MWCNTs growth. Usually CNT are purified
using liquid acids, sonication, or thermal treatments [245]. The CNT tips
can be opened, [246], and closed again [247]. The application of a smooth
thermal annealing reduces the number of defects of the CNT.
7.2.1 Liquid Phase purification
For the va-CNT forest a treatment with liquid acids will destroy the vertical
alignment of the CNTs over all the sample, as can be seen in Figure 7.8.
When a va-CNT comes into contact with a liquid, two different physical
Fig. 7.8: Wetted va-CNT forest. Left: overview, right: magnified excerpt from
image given on the left hand side.
phenomena can occur:
• due to unfavourable surface tension the lotus effect appears, or
• wetting takes place and the liquid infiltrates the pores of the va-CNT
forest. forest.
Both phenomena can be described by Young’s law
cosθ = (σs − σls)/σl, (7.1)
where σs, σls and σl are the surface energy, interfacial tension, and the
surface tension, respectively.
177
7.2 Purification Vertically aligned carbon nanotube solar cells
Electrochemical oxidation by cyclic voltammetry
Electrochemical oxidation is selective towards defects on a surface. The
production process generally results in the CNTs having fewer defects than
the carbonaceous impurities. Consequently, these impurities are much more
quickly oxidized than the CNTs. It can be, therefore, assumed that CNTs
have a higher electrochemical resistance than the impurities. If the solution
used for the cyclic voltametry is acidic, the CNT tips can be opened, which
exposes the metal catalyst to the acid solution. This allows the metal to
be dissolved by the acid. All liquid phase purification methods will destroy
the alignment, if no further innovative drying step is used. For example, if
the array is kept in a wetting liquid the alignment is preserved. Because no
meniscus is formed between the liquid and the CNT and hence, no driving
force generated, which leads to a collapse of the CNTs. This was approach
was taken by [248]. The cyclic voltammetry bath contains 57% H2SO4.
The electrochemical treatment was made for 20s at 1mA current at room
temperature. Afterwards, the purified CNT array was washed several times
with distilled water and ethanol. Subsequently, it was quickly put into a
autoclave filled with ethanol. The ethanol was then replaced with liquid
CO2 until the residual ethanol was at or below the 10ppm level. This was
followed by an increase of the temperature of the autoclave to 45◦C over 2h.
The pressure in the autoclave reached about 100bar during the processing.
This conditions was maintained for 3h. Finally, by decreasing the pressure
to atmospheric pressure whilst keeping the temperature at 45◦C the CO2
was transformed to the gas phase [248]. Figure 7.9 shows the MWCNTs
after this purification treatment.
7.2.2 Gas phase purification
Gas phase based purification methods were applied in order to preserve
the va-CNT alignment in the purification process as well as transform the
impurities into the gas phase. SWCNTs and MWCNTs differ with regard
to their oxidation activity for two reasons: one is the larger curvature of
the graphene sheet in the SWCNT; the other reason is metal impurities
catalyze low-temperature oxidation of carbon (and SWCNT use to consist
of only one single wrapped graphene sheet).
Oxygen plasma purification
An oxygen plasma transforms amorphous carbon into CO2 according to
equation (7.2):
C + O2−2 → CO2. (7.2)
If the parameters of the oxygen plasma treatment are not appropriately
chosen, either the impurities stay unaffected on the sample or the CNTs
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Fig. 7.9: A) and B) SEM images taken after liquid phase purification and CO2 dry-
ing. C) TEM image of open-tipped CNTs. "Reprinted (adapted) with per-
mission from (X. R. Ye, L. H. Chen, C. Wang, J. F. Aubuchon, I. C. Chen,
A. I. Gapin, J. B. Talbot, and S. Jin, Electrochemical modification of ver-
tically aligned carbon nanotube arrays, Journal of Physical Chemistry B,
110(26):12938–12942). c©(2006) American Chemical Society." [248].
themselves are badly stressed resulting in a graphene-like fringes on top of
the forest (see Figure 7.10). Consequently, the energy density in the plasma
chamber has to be tuned in order to remove impurities and preserve the
va-CNT.
Thermal annealing under an ambient atmosphere
Gentle thermal treatment under an ambient atmosphere leads to similar
purification results. Depending on the epitaxy, temperatures of 150◦C-250◦C
are enough to start the oxidation process of converting amorphous carbon
to CO2. This can be described by:
2C + O2 → 2CO2. (7.3)
A crucial control parameter during the annealing process is the oxygen sup-
ply. This is crucial because, firstly, the size of the individual CNT decreases
due to material removal by the oxidation process. Secondly, the diameter
of the CNT increases during this treatment, which indicates that the single
tubes are covered with a small shell during this process. This shell is ex-
pected to consist of amorphous carbon as an improper oxidation during the
annealing process can be assumed.
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Initial
size
[µm]
final size
[µm]
power
[W]
process
time
[s]
oxygen
flux
[sccm]
argon
flux
[sccm]
helium
flux
[sccm]
reflected
power
[W]
4,3 2,8 150 360 50 5 16 10
4,3 1,3 - 1,8 200 360 50 5 16 10
4,3 1,55 225 360 50 5 16 10
4,3 0,4 - 0,8 150 600 30 5 16 10
4,3 2,7 - 3,0 125 600 30 5 16 10
4,3 3,3 - 3,7 100 600 30 5 16 10
Tab. 7.1: Overview of the correlation between oxygen plasma power, plasma treat-
ment process time and height of the va-CNT array.
Impact of gas phase purification on the va-CNT
The oxygen plasma causes stresses in the va-CNT array from the top down-
wards. This results in the rolling up of the upper part of the CNT as well as
the formation of graphitic carbon flakes (see Figure 7.10). Table 7.1 shows
Fig. 7.10: Left: plasma treated va-CNT array. Right: magnification of left image.
The detrimental aspects of an oxygen plasma treatment are clearly visible.
The sidewall of the upper part of the CNT has cracked and rolled up. It
appears as though the grapheme has undergone a flocculation process. It
looks like graphene-like fringes of graphene.
the correlation between the input power, the process time of the oxygen
plasma, and the height of the va-CNT array. The oxidation rate of the
forest is higher for lower plasma powers over longer process time than for
higher plasma powers used over shorter process times.
The control of the height delivered by this process indicates that this is
a promising approach for the height control. However, an unfortunate side
effect is the damage caused to the va-CNTs by this process. Afterwards,
they have to be gently annealed in order to heal the damage. By optimizing
the process parameters a significant decrease of amorphous carbon was also
observed.
The metal catalyst is transformed in the oxygen plasma treatment to rust,
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in accordance with the equation
3Fe+ 2O2−2 → FeIIO + FeIII2 O3. (7.4)
Hence, it will stay in the va-CNT array as the impurity rust (solid).
Thermal annealing of such a processed sample causes an increase in the di-
ameter of the CNT (see Figure 7.11). This happens, because amorphous
carbon is a by-product of the thermal oxidation of carbonaceous materials
when there is an insufficient oxygen supply. This can be additionally con-
firmed by the Raman measurements shown in Figure 7.12. Ferrari and
Fig. 7.11: Thermal treatment on a va-CNT sample (434 − 14). Left: untreated
va-CNT array. Right: thermal annealed va-CNT array. The increase in
diameter is caused by amorphous carbon deposition around the CNTs.
The diameter of the CNTs almost doubles.
Fig. 7.12: Raman measurements of two different va-CNT samples before (solid line)
and after a thermal annealing treatment (dashed line). a) the increase
of the signal between the D and G bands (1200cm−1-1700cm−1) due to
this treatment corresponds to diamond-like and amorphous carbonaceous
material. b) the increase of the signal between 500cm−1-900cm−1 due to
this treatment corresponds to an increase in hydrogen freed, amorphous
carbonaceous material, [249] [250], [251], and [249].
Robertson noted that the fit of the D peak (especially its position) is the
least accurate for many amorphous carbons. The D peak is hard to be
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clearly determined, because it is often only a low- frequency shoulder of the
G peak [251].
Carbonylation
Iron can be transformed into iron pentacarbonyl when car- bon monoxide is
present, according to the equation
Fe+ 5CO → Fe (CO)5 . (7.5)
Therefore, this can be used for the purification of the va-CNT forest (see
Figure 7.13).
Fig. 7.13: TEM image of va-CNT as deposited (left) and after purification (right).
7.3 Functionalization
As one third of the CNTs are metallic and in the pe-CVD process MWCNTs
are synthesized a covalent functionalisation should be undertaken in order to
enhance the amount of semi-conducting CNTs in the array. Fluorination of
the CNTs enhances their band gap. As this process is executed in a plasma
chamber it is reasonable to combine both the purification and fluorination,
with eventually the thermal annealing step. The thermal annealing process
removes lattice defects, e.g. defect sites, where a carbon atom is missing,
from a CNT. The results of EDS measurements made on the samples after
theNF3-plasma treatment are shown in Figure 7.14. Only the outer sidewall
of a CNT, more specifically the MWCNT, is chemically functionalized in
the NF3-plasma. All pristine MWCNTs are known to have metallic like
electrical conductivity, due to either interwall interactions or due to at least
one of the tubes, which form the MWCNT, being metallic and somehow
electrically connected with the bulk. If the latter is true, MWCNTs are
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Fig. 7.14: EDS analysis of fluorinated va-CNT array. The amount of fluorine is 9.02
At %. Iron catalyst residues are not detected.
not metallic in nature. Only the outermost sidewall of every CNT forms
the heterojunction with the enclosing dye. This means the heterojunction
interface between semiconducting CNTs formed during fluorination and the
dye increases significantly due to this treatment.
The EDS measurements confirm that there is no iron within the va-CNT
sample.
7.4 Infiltration
For the infiltration of the va-CNT different approaches such as thermal evap-
oration, spin coating, drop coating and plotting were investigated. Due in
part to limitations of the equipment only drop coating and plotting emerged
as the best techniques for the layer deposition. Wetting studies for the three
liquid based infiltration techniques have been described in the theoretical
background section on wetting (chapter 4). All liquid based infiltration
experiments were conducted in an UV shielded clean room (22◦C, 60% hu-
midity, clean room category ISO-3).
7.4.1 Infiltration via thermal evaporation
A standard method for layer deposition in the organic field is thermal evap-
oration due to its easy utilization, precise thickness control and high purity.
In this technique single molecules are evaporated. The porosity (P) of a
va-CNT forest can be estimated according to [252] as:
P = 1− π
4
· d
D
2 ≈ 91%, (7.6)
where D is the average CNT separation and d is the average CNT diameter.
The average spacing of around 30nm between neighbouring CNTs is expected
to be large enough to allow the infiltration by single dye molecules of CuPc.
In the best case the va-CNT forest will be infiltrated from bottom up due
to this process.
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Experiments, however, have shown that the spacing is not large enough for
the infiltration process. This is caused by the dye condensing at the top of
the forest and not penetrating further into the porous surface (see Figure
7.15). This behaviour is caused by the temperature difference between the
heated dye molecules, ≈ heated up to 300-400◦C, and the relatively cool
va-CNT forest (≈ 30 − 50◦C), which causes the molecules to condense at
the surface. Furthermore, the CuPc has a strong intrinsic driving force to
crystallize, which also enhances this condensing behaviour.
Consequently, the layer morphology is highly crystalline, see Figure 7.16.
Fig. 7.15: Cross section of a va-CNT forest after the evaporation process. The
figure on the right is an enlargement of the box marked in the figure on
the left. Right image taken from [143].
The cross-sections in this figure show grain growth along the z-axis (vertical
direction - perpendicular to the wafer plane). This ordered morphology
refers the advantage of a controlled optimized electrical conduction in the
CuPc layer. The anisotropic electrical conduction behaviour of CuPc has
an influence on the behaviour of the device. The cross sections of Figures
Fig. 7.16: Cross section, on the left, of va-CNT forest after the evaporation process.
The high resolution image on the right shows clearly the crystallinity of
the evaporated CuPc. Image taken from [143]
7.15 and 7.16 convey the impression that the top layer is homogeneous and
non-porous. However, they are in fact porous, as shown in Figure 7.17. All
darker areas are pores of the va-CNT forest which are covered with CuPc.
The va-CNT forest is not fully covered in these pores due to shadow mask
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effects. As a consequence shorts will be created when a top electrode is
deposited on the partly covered va-CNT forest. Shorts of this kind were
observed during the electrical characterisation of the devices. In Figure 7.17
Fig. 7.17: Top view of the va-CNT forest after evaporation on the left and a mag-
nification of the marked area on the right. The CuPc layer is not fully
closed. The darker areas are pores which may cause shorts in the device
after the deposition of the top electrode.
the pores appear like non coated holes in the forest. But this impression
deceives, as the CuPc infiltrates these pores as can be seen in Figure 7.18.
Despite further investigations the infiltration and cover layer formation could
not be developed such that no shorts were observed. This means in all cases
the whole device is shunted by these pores.
Fig. 7.18: A high resolution SEM micrograph of the top layer on the left and the
enlargement of the marked area on the right. These show the infiltration
of CuPc in the pores. Electrical characterisation has shown the resulting
short circuit response.
7.4.2 Wetting of the va-CNT
All liquid phase based infiltration approaches rely on good wetting proper-
ties on the surface of the va-CNT forest. In order to overcome the lotus
effect, wetting on the individual CNTs had to be improved. Goniometric
data were obtained from the static contact angle, which was measured with
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a Krüss DSA20 goniometer. In this method, a water droplet with a vol-
ume of 20-40µL was placed on top of the CNT forest using a needle. A
picture was subsequently taken and the contact angle was determined from
a mathematical fit of the drop shape. The fitting process either used the
Young-Laplace equation or the tangent fitting method. The forest surface
is composed of the CNT tips and a fraction of their sidewalls (see Figure
7.1, left image). The height of the va-CNT array varies by about ±500nm
over the whole substrate and by about ±150nm locally along a 0,5µm line
length on the substrate surface. The latter finding indicates that the sur-
face roughness is large. When interpreting the results of a wetting study
the surface roughness has to be considered in order to correctly interpret
the results. Then the super hydrophobic surface of va-CNT forests can be
infiltrated with certain solvent-dye combinations. Infiltration leads to the
preservation of the vertical alignment.
Static wetting regimes
This section is based upon [143]. The results and discussion of that paper
([143]) was used to write this section. Figure 7.19 shows a sketch of the
wetting process of a solvent with dissolved dye into a va-CNT array. The
wetting behaviour of a va-CNT can be explained by introducing two differ-
ent wetting regimes which depend on the residence time of the liquid, [224].
These two wetting regimes are either homogeneous (Wenzel state) or het-
erogeneous (Cassie-Baxter state), [253], [254], and [255]. Wenzel’s theory
Fig. 7.19: "Wetting according to Wenzel and Cassie Baxter. (a) θ > 90◦: Cassie-
Baxter regime; (b) 90◦ > θ > 15◦: slight wetting occurs in the still
heterogeneous wetting regime; (c) θ < 15◦: homogeneous wetting takes
place (Wenzel regime)." Taken from [143].
describes the impact of surface roughness in terms of a simple extension of
the liquid-solid interface. The degree of extension of the surface is expressed
by the ratio factor (r). This is defined as the fraction of real interface length
with respect to the ideal interface length. The ideal length corresponds to
the length of the orthogonal projection of the surface roughness onto the
surface. This theory works well for the contact angles 0◦ < θ < 90◦, but
if contact angles are measured in the interval 90◦ < θ < 180◦ the liquid
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does not penetrate very well the surface and into the gaps between the
CNTs. Hence, liquid-solid and liquid-air interfaces are formed over the sur-
face. The trapped air in the gaps between the CNTs has to be taken into
account in the wetting analysis. The theory of Cassie and Baxter includes
such behaviour. In general, wetting itself can be expressed as the ability of
a liquid to spread over a solid surface. The liquid on a surface will spread
until the cohesion forces of the liquid, the surface tension and gravity are
in equilibrium. This leads to a stable contact angle, θ, at the triple point
of solid, liquid and air interface. The angle can be expressed by Young’s
relation:
cosθ =
γsg - γls
γlg
, (7.7)
where γsg is the surface tension coefficient of the solid-gas interface, γsl that
of the solid-liquid interface, and γlg that of the liquid-gas interface, [256].
However, this is applicable only for an ideally flat surface. Therefore, it
must be adjusted for surface roughness, as discussed above. In Wenzel’s
theory the relationship becomes:
cos θA = r · γsg − γsl
γlg
, (7.8)
where θA is the apparent contact angle and r is the ratio of the real rough
surface length to the ideal smooth surface length. The apparent contact
angle is, thus, adjusted with the correction factor, r. For rough surfaces r
increases (r > 1) and for ideal smooth surfaces r = 1 (which means cos θA =
cos θ). The approach made by Cassie and Baxter describes the contact angle
for a composite material by:
cos θA = Φ1 · cos θ1 +Φ2 · cos θ2, (7.9)
where Φ1 is the fraction of interface length and θ1 is the contact angle for
the first component, and Φ2, θ2 are the corresponding values for the second
component. In the special case (va-CNT wetted by aqueous solution) where
a liquid on a rough surface encloses gas pockets (hence, θ2 = 180◦) this
equation reduces to:
cos θA = Φls(cos θ − 1) + 1, (7.10)
where Φls is the fraction of the liquid-solid interface and 1-Φls is the fraction
of liquid-air interface. If the liquid spreads over the CNT forest, i.e. wets it,
the Wenzel state is applicable. In this regime the CNT forest is infiltrated
by the liquid. If the gap between the CNTs is considered to be capillary
like, then an equilibrium condition is reached when the hydrostatic pressure
equals the capillary force. If a circular capillary is wetted then:
A · ρ · g · h = U · γ · cos θ, (7.11)
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where A is the area of the capillary, ρ the density of the liquid, g the gravita-
tional acceleration, h the maximum rise height of liquid, γ the liquid surface
tension, θ the contact angle and U the circumference of the capillary. For
the CNT forest some modification should be made to this simple idea due to
the exact geometry of the forest, see Figure 7.20. The geometry is explained
Fig. 7.20: The triangular CNT base cell shown in a) consists of three single CNTs
of the forest at each corner. They have an average diameter of R=20nm.
Their average separation between each other is D=55nm. Each CNT
contributes a 60◦ surface fraction to the capillary (red coloured). This
yields a CNT capillary surface of A = D
2
·D · sin(60◦) (see text). Image
taken from [143].
in terms of a base cell. The base area of the "capillary" equals that of a
triangle spanning the three triangularly arranged nearest neighbour CNTs.
The wetted area of the CNT equals just a sixth of the circumference of each
of the cornering three CNTs. Together, these describe the base cell of the
va-CNT. These simplifications result in
D
2
·D · sin(60◦) · ρ · g · h =
(
2πR
6
· 3
)
· γ · cos θ, (7.12)
where D is the average distance from CNT to CNT, R the average diameter
of the CNT and 2pir6 · 3 is the fraction of surface of the capillarity formed by
the CNT triangles. Equation (7.12) can be rewritten as:
Aeff · ρ · g · h = Ueff · γ · cos θ, (7.13)
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where: Aeff is the effective area and Ueff is the effective contact surface
contour on the va-CNT. In this description the tubular geometry of a com-
mon capillary is replaced by a pattern of "triangular pillars" in the va-CNT
array. An example of such a va-CNT capillary base cell is shown in Figure
7.20. The total contacting line segments form the effective contact surface
contour according to:
Ueff =
2πR
6
· 3 = π · r (7.14)
and the effective area equals:
Aeff =
D2
2
· sin(60◦). (7.15)
A number of solvents, dyes and their combinations have been shown to in-
filtrate the CNT array. The degree of polarity varies between the various
solvents. Consequently, their particular combination determines the wet-
ting regime. Variations in CNT length do not interfere with the wetting
behaviour. It also do not influence the changes in the vertical alignment of
the CNTs due to the wetting process.
Dynamic wetting regimes
If wetting occurs on a va-CNT surface then the Washburn equation is ap-
plicable to the wetting of the capillaries between the CNTs. This is given
as:
h2 =
γl · cos θ
2η
· r · t (7.16)
can be used to explain the wetting of the capillaries in the CNT forest, where
γl is the surface tension of the liquid, θ is the contact angle at the three phase
point, η is the liquids viscosity, t is the residence time and r is the radius
of the capillary, [257]. However, the investigation made in this work of the
water wetting phenomenon on va-CNT substrates yielded a slightly different
behaviour. In order to investigate the initial wetting behaviour, a dye was
dissolved in water. The dye, CuPc-TS, precipitates during the evaporation
process. Consequently, a film of the dye remained after the solvent had evap-
orated. In detail, a 5µL drop was dropped on top of the array. It evaporated
fully after several minutes under clean room conditions at room temperature.
The dye concentration, c=0.5mg/mL, was high enough to cause the forma-
tion of a thin film after the evaporation process. The droplet showed similar
drying behaviour to pure water, [252]. This implies that the extension of
the wetted area is constant during solvent evaporation. During evaporation
the effective droplet (sphere) radius increases, because the spherical droplet
flattens out over this constant contact area, [252]. However, the droplet sur-
face area decreases. It has been reported that the vertical alignment of the
CNT array in the wetted area collapses during drying due to capillary forces.
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These forces drive the CNTs into bundles and to eventually fall over despite
one end of the CNT being still fixed to TiN layer on the substrate. The films
produced in this study were homogenous, as shown in Figure 7.21. In the
figure it is clear that only the CNT tips were wetted by the solution and the
film itself maintains a constant thickness relative to the substrate. Hence,
it appears that the wetting process stays in the Cassie-Baxter regime at all
times. This implies that air always resides in between all the CNTs. It is
expected that the shrinkage of the droplet during the film formation process
drives the collapse of the array due to the shear forces. Due to precipitation
of dye the vertically alignment of the array keeps preserved. The dye layer
supports each single va-CNT horizontally and a collapse of the structure is
suppressed. In the case that partial or complete infiltration occurred the
Fig. 7.21: va-CNT array infiltrated by CuPc-TS (aqueous solution). A dye layer
is formed on top of the array, which supports the macroscopic structure
of the va-CNT array and keeps the alignment stable. Image taken from
[143].
precipitated dye mostly maintained the vertical alignment of the va-CNT.
If the CNT ordering is preservation or not depends on the amount of dye
precipitated (and, therefore, the dye concentration, c, in the solvent).
The surface roughness amplifies the interfacial interaction of liquid and sur-
face. This means, that if wetting occurs, the surface roughness enhances the
wetting behaviour. If anti-wetting occurs on a surface the surface roughness
enhances the hydrophobicity to super-hydrophobicity. Hence, the hydropho-
bicity of the CNT shows super-hydrophobicity for aqueous liquids when in
the form of a va-CNT array. This causes the lotus effect for aqueous liquids
on the surface of the forest, see Figure 7.22. This results in heterogeneous
wetting (Cassie-Baxter regime) of the surface. The total value and the po-
larity of the surface energies of the va-CNT arrays measured in the wetting
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sample
surface energy [Nm/mm]
polarity
variation
total polar disperse total relative
va-CNT 816 59.40 16.26 43.23 0.27 0 0
va-CNT 811 59.83 16.07 43.76 0.27 0.51 1.88
va-CNT 435 52.61 10.54 42.07 0.20 7.34 26.81
va-CNT 46 58.89 11.05 47.84 0.19 8.61 31.45
Tab. 7.2: The sample va-CNT 816 was used as the reference for the determination
of the variation.
study varied within a range caused by the random spread of the synthesis
parameters, see Table 7.2.
Fig. 7.22: Contact angle measurements of a va-CNT forest. Left: wetting with dis-
tilled water. Image taken from [143]. Right: wetting with diiodomethane.
7.4.3 Infiltration via spin coating
This study showed dichlorobenzene to be a good solvent for the infiltration
of the va-CNTs. However, other organic solvents were tested. Due to their
favourable wetting and solubility properties these solvents can be used to
deposit a thin film by the spin coating technique. The homogeneity of the
deposited layers is controlled by the spin parameters, such as acceleration,
spin time and speed. For the processing tests, chips of purified va-CNT sam-
ples were fixed onto larger carrier silicon wafers. The silicon carrier wafer
was sucked onto the chuck by the application of a vacuum. The liquid blend
of organic material (donor and acceptor) and solvent was deposited onto the
va-CNT with a µL-pipette. In addition to the organic solvents, the CNT
arrays can also be wetted by a mixture of distilled water and surfactants.
Surfactants decrease the surface tension of water, which enables wetting.
However, surfactants will remain on the sample after solvent evaporation
as they themselves do not evaporate under the used processing conditions.
As a consequence, the active matrix of donor-acceptor material is "contami-
nated" with surfactants. Contamination of the active matrix is in most cases
unwanted for reasons of device performance.
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Experiments show that it is impossible to reach phase II and III conditions
of the spin coating process (cf. Chapter 4), because in phase I the liquid
wets the carrier silicon wafer and spreads over it. Hence, a controlled re-
duction of the amount of liquid on the sample is impossible. This leads to
non-reproducible spin coating results. Spin coating also usually resulted in
the flattening of the vertical array onto the substrate. This happened most
significantly for high spin speeds, as shown in Figure 7.23. Spin coated
layers of several micron thickness, which is equivalent to the height of the
va-CNT, could not be produced due to the poor solubility of the dissolved
OPV materials. This meant that the desired concentrations could not be
achieved. Hence, spin coating was found not to be an applicable technique
for film deposition on va-CNT arrays.
Fig. 7.23: Influence of the spin-coating of dissolved dyes on va-CNT. This figure
shows the influence of CuPc-DMA dissolved in toluene. It is representa-
tive for all spinning experiments. Image taken from [143].
7.4.4 Infiltration via drop coating
This section is based on [143]. Drop coating offers the advantage that the
initial amount of solvent - as well as the dissolved materials - will remain until
complete evaporation of the solvent. This allows the determination of the
optimum correlation between the four main aspects of va-CNT infiltration
with a dye for the formation of non-porous composite layers. These aspects
are:
• dye concentration in solvent,
• amount of dropped solvent,
• substrate size, and
• height of composite layer.
This study also showed that the solvents viscosity and composition of surface
tension, i.e. the fraction of polar and dispersive component, as well as en-
vironmental parameters like humidity, temperature, dye concentration, and
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many more have an influence on the structural integrity of the CNT forest.
For this study several solvents were used to dissolve dye and to infiltrate
the forest. For an appropriate choice of solvent, the infiltration was found
to work up from top to bottom of the va-CNT array yielding completely
embedded forest. 1,2-dichlorobenzene turned out to be the most suitable
solvent for the infiltration. During the evaporation of the solvent a uniform
composite matrix of va-CNT and dye was formed (see Figure 7.58). This
composite can work as an organic solar cell because the dye absorbs light,
which leads to the generation of excitons. These excitons dissociate at the
donor-acceptor interface [258], [259], [260], [261]. Ideally, this heterojunc-
tion is formed between the dye and the CNTs. In the case of this infiltrated
dye a structural ordered bulk-heterojunction organic solar cell was formed
which included separate pathways for the carrier transport of holes and elec-
trons. In principle, this configuration (CNT-dye) could also work as a light
sensor or as an organic light emitting diode, if the energy levels of the used
materials are appropriately configured.
In order for this composite configuration to function a conducting trans-
parent top electrode has to be deposited. The CNTs (bottom electrode)
are already conductively connected to the outside world as they are synthe-
sized directly onto the conductive titanium nitrate layer. Its conductivity
is κ = 5 · 106S/m. Goniometric measurements yielded a CA of θ = 139.9◦
for water (HPLC grade) and θ = 19.8◦ for diiodomethane by using the tan-
gent fitting method. The surface energy of the va-CNT array was calculated
to be γs = 58.89mN/m, and the ratio of the polar and disperse fractions
were γsp = 11.05mN/m and σsd = 47.84mN/m, respectively. Hence, the
polarity of the surface is P = γspγs ≈ 0, 19. Experiments have shown that
this fraction and the viscosity of the solvent have a major influence on the
preservation of the vertical alignment of the CNT forest during the wetting
process. In order to infiltrate a CNT forest with an aqueous solution the
surface tension has to be reduced. Consequently, a 0.05%wt solution of Tri-
tonX and distilled water with a surface tension of γl = 30mN/mm was used
(see 7.26). An infiltration depth of around 1µm was subsequently achieved.
However, the vertical alignment differs from the non infiltrated forest. The
CNTs themselves appear to be more crisscrossed than before. Depending
on the solvent composition (i.e. polarity and/or ingredients) the array can
macroscopically transform into various shapes after the infiltration process.
Although the lengths of the CNTs varied in the study, this had no signifi-
cant influence on the resulting macroscopic shapes of the infiltrated arrays
(unless in the extreme case that the tubes were very short). The best replica
was achieved for a methanol-water mixture of 1:1 wt.% containing dissolved
CuPc-TS (c=0.5mg/mL), as shown in Figure 7.24. Mushroom like shapes
appeared depending on the different surface tensions and polar (dispersive
fraction). The tested solvent-dye combinations are shown in Table 7.3.
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P
P
P
P
P
P
P
P
solvent
dye
solvent-
substrate
CuPc-TS CuPc-DMAToluylene
red
Ferrocene P3HT CuPc
water and
TritonX
Figure
7.25
Figure
7.26, 9b,
1c
X Figure
7.27,
10b, 1c
X X X
toluene Figure
7.28
X Figure
7.29,
4b, 1c
Figure
7.30, 1b,
4c
Figure
7.31, 4b,
1c
O X
1-decanole Figure
7.32
X Figure
7.33,
6b, 1c
Figure
7.34, 1b,
4c
Figure
7.35, 10b,
1c
O X
diiodomethane Figure
7.36
X Figure
7.37,
4b, 1c
o o o X
water and
methanol
Figure
7.38
Figure
7.39, 3b,
1.5c
X X X X X
chlorobenzene Figure
7.40
X Figure
7.41,
5b, 1c
Figure
7.42, 1b,
4c
Figure
7.43, 10b,
1c
Figure
7.44,
10b,
1.5c
X
chlorobenzene
and triflu-
oroacetic
acid (TFA)
Figure
7.45
X X X X X Figure
7.46,
5b,
1.5c
Tab. 7.3: "Overview of tested solvents and dye combinations. The corresponding
figures are given in the table. X marks a combination that was not
possible due to the solvents being incompatible, O marks an experiment
that was not done, b concentration of dye in solvent (mg/mL); c solvent
amount per CNT array area (µL/mm2)." Table taken from [143].
194
Vertically aligned carbon nanotube solar cells 7.4 Infiltration
Fig. 7.24: "Mushroom shaped macro structure of a dried CNT array after being
wet by methanol-water (1:1 wt% mixture) and dissolved CuPc-TS." Text
and image taken from [143].
Water and TritonX
Goniometric contact angle measurements yielded a contact angle θ=155◦ for
water and a surface energy of 59.7mN/m on the array. Consequently, the sur-
face tension of aqueous liquids has to be reduced in order to obtain wetting.
This is usually achieved using surfactants. SEM images in Figures 7.25-7.27
show experimental results for a solvent of 0.5wt.% TritonX in distilled water.
The CuPc-TS deposited by using the solvent combination forms a uniform
film with a constant height over several microns. Moreover, the precipitated
CuPc-TS preserves the vertical alignment of the CNTs. The toluyene red
deposited by using this solvent, shown in Figure 7.27, on the other hand did
not mechanically support the array.
Toluene
Figures 7.28-7.31 display the obtained results when toluene was used as the
solvent. The structure in Figure 7.28 is a pre-form of the mushroom shape
shown in Figure 7.24. This kind of profile is generated during the drying
process due to the capillary forces driving the CNTs together. The precipi-
tating dye causes the retention of the vertical alignment of the array during
infiltration and drying, see Figure 7.29. The CNT matrix is completely filled
with CuPc-DMA and only a very thin cover layer exists. CuPc-DMA has
been shown to adapt well to the CNT surface roughness [58]. The observed
faceting of the CuPc-DMA at the fracture surface indicates a certain degree
of crystallinity. In general, crystallinity improves the charge transport in
the organic layers. The infiltration with dissolved toluyene red yielded a
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Fig. 7.25: "This image shows the ability of the pure solvent water + TritonX
(0.5wt.%) to wet the CNT-forest with the dissolved dyes. It shows a
tendency to mix up the vertical alignment of the CNT forest." Text and
image from [143].
Fig. 7.26: CuPc-TS and CNT array. The combined layer detached from the sub-
strate during solvent (water-TritonX, 0.5wt.%) evaporation. Image taken
from [143].
homogenous composite matrix of dye and CNT (Figure 7.30). In this case
the CNTs maintained their alignment. However, several tube tips were ob-
served to stick out of the surface. In comparison with CuPc-DMA Figure
7.29, toluyene red does not adapt to the rough surface of the va-CNT array
tips. Therefore, either another dye or solvent has to be chosen in order to
reach a smoothly infiltrated and evenly cover layer. Ferrocene evaporates
when the sample is thermally annealed after the infiltration process. This
is done in order to reduce solvent residues in the CNT-dye composite, as
it has a low vapour pressure (2.6 hPa at 100◦C). Consequently, almost no
dye layer is found in Figure 7.31. In this case the post-infiltration struc-
ture shows that the alignment of the CNTs is well preserved, particularly in
comparison with Figure 7.28.
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Fig. 7.27: Toluyene red dissolved in water-TritonX (0.5wt.%) did not form a homo-
geneous layer with the CNT matrix. Taken from [143].
Fig. 7.28: Influence of wetting by toluene on the va-CNT array. The vertical align-
ment is relatively well preserved in comparison with the influence of wa-
ter + TritonX (0.5wt.%) to the vertical alignment of the va-CNT array.
Image taken from [143].
1-Decanole
1-decanole, like toluene, merely showed a negative impact on the array align-
ment as a result of the wetting process. In Figure 7.32 the alignment of
the array is interrupted by several trench-like structures. In between the
trenches the CNTs are bent and pressed together. A thick, homogeneous,
non-porous and smooth composite matrix of CuPc-DMA and CNT is shown
in Figure 7.33. The array is well infiltrated from the bottom to the top. The
fractograph indicates a preserved vertical alignment of the CNT within the
macro structure. The adhesive forces of the titanium nitrite substrate, CNT
and CuPc-DMA suppress the mechanical forces generated by the dye in the
layer. This is comparable to the processes observed within fibre reinforced
composites. Two things were achieved by using these infiltration parameters:
firstly the layer itself remains intact and, secondly, the layer is not detached
from the titanium nitrite substrate as happened in Figure 7.26. Toluyene red
was also shown precipitate during the solvent evaporation process. It formed
a composite with the array as shown in Figure 7.34. The layer contains air
pockets and/or caverns. The dye concentration and amount of solvent was
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Fig. 7.29: CuPc-DMA dissolved in toluene. The array is well infiltrated with
CuPc-DMA from the top to the bottom. The maximum composite height
is 896nm. Single nanotubes stick out of the fractograph. Image taken
from [143].
not matched properly to the substrate area. This occurs as the concentra-
tion limit, for the dissolving of toluyene red in 1-decanole, caps the amount
of dye present and thus causes incomplete filling of the structure. Ferrocene,
see Figure 7.35, could be made to form a thin cover layer of approximately
10-20nm on the CNTs. Moreover, most of the dye crystallized on top of the
CNT array forming long needle-like structures.
Diiodomethane
Diiodomethane causes the formation of trenches and holes/caverns in the
array, see Figure 7.36. Despite this the CNTs are still generally aligned from
the bottom to the top, although a certain degree of bundling up occurs due to
capillary forces increasing the CNT packing density at certain places within
the array. By using CuPc-DMA as the dye, see Figure 7.37, the formation of
trenches and caverns is limited. The CNTs, consequently, display a zigzag
deformation. The big cover layer on top on the CNTs points to the top
of the array being the preferred precipitation location of the dye. In this
case, a gradient of the precipitated dye concentration arises in the infiltrated
array (between the top and bottom). Lines of transition in between regions
of different concentration appear. These lines are more or less parallel to
the substrate and generate the shear band visible. The CNT themselves are
bent due to the interacting forces of involved in the dye layer formation in
the array.
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Fig. 7.30: Layer formed via infiltration of va-CNT with toluyene red dissolved in
toluene. Single nanotubes stick out of the fractograph. Image taken from
[143].
Fig. 7.31: Ferrocene dissolved in toluene. Ferrocene evaporated during the anneal-
ing process. The post-infiltrated array contained almost no dye. Image
taken from [143].
Water-methanol
An azeotropic mixture of distilled water with methanol in the ratio (2:1)wt.%
was observed to dissolve CuPc-TS and wets the array (Figure 7.39). The
solubility of CuPc-TS was found to be very sensitive to the water-methanol
ratio. The dye was found to mainly deposit on top of the array. The in-
filtrated array also formed trenches and was partly compressed. Compared
to Figure 7.21 and Figure 7.37, this implies that the array is wetted but
preferably patterned during solvent evaporation. The CuPc-TS does not
preserve the alignment. The solvent possibly segregates during the evapora-
tion process. This yields an increase of the CuPc-TS concentration in the
parts with higher water concentrations.
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Fig. 7.32: Impact of wetting with 1-decanole. Trench-like structures are caused by
the capillary forces. Image taken from [143].
Fig. 7.33: CuPc-DMA dissolved in 1-decanole. Dye-CNT combination forms a
smooth homogenous layer. Image taken from [143].
Chlorobenzene
The use of chlorobenzene as the solvent yields the deformation of the macro
structure of the va-CNT array into holes and trenches, as shown in Figures
7.40-7.44. By dissolving small molecule dyes into the solvent the composite
structure is still not stabilized, see Figures 7.41-7.43. Only the introduction
of CuPc-DMA caused some limited performance improvements with regard
to alignment preservation. As it performed much better in the 1-decanole or
toluene solvents, the layer building process in this case can be attributed to
the solvent. For this solvent the best results with regard to the vertical align-
ment of the CNT and homogeneity of the layer thickness in the resulting
composite were achieved with the P3HT dye. In addition, a smooth cover
layer of the P3HT on top of the CNT array was also achieved. This compos-
ite material is applicable to organic solar cells if the cover layer thicknesses
can be fabricated to be within the exciton diffusion length. The performance
of CNT-P3HT organic solar cells has already been reported by [244].
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Fig. 7.34: Toluyene red infiltrates the va-CNT array, if dissolved in 1-decanole. Sin-
gle CNT are covered with a thin dye layer. The infiltration parameters
were not optimal, which resulted in the observed porosity and inhomo-
geneities. Image taken from [143].
Chlorobenzene and trifluoroacetic acid mixture
Because non functionalized CuPc is almost insoluble, the CuPc can be trans-
formed into its protonated form by using a mixture of chlorobenzene and
trifluoroacetic acid in a ratio of 1:1 wt.%, making it soluble [262]. The
deformation of the array observed by using the mixture, see Figure 7.45, re-
sembles the results of the spin-coating experiments. The CuPc precipitated
out on the top of the array and formed several stacked hundred nanometer
thick polycrystalline layers, see Figure 7.46. The crystallization caused the
layer to be porous and flaky. Protonated CuPc has a large tendency to crys-
tallize. According to these results, layer deposition with protonated CuPc
or pristine CuPc should be done using thermal evaporation. However, for
the other dyes such as CuPc-DMA and CuPc-TS it was found to be possible
to deposit these by spin or drop coating.
Layer building process
The wetting of the CNT forest occurs in accordance with either the Young,
Wenzel, Cassie and Baxter regimes. During the evaporation of the solvent
the dissolved dye precipitates when the saturation limit in the deposited
droplet on the forest is reached. The dye precipitates at the droplet’s outer
edge, which at the beginning of the process is always at the outer edge of
the CNT forest substrate. Depending on the CA the droplet contracts early
or later resulting in a thin or thicker layer part at the substrate’s edge (see
scheme 7.47). Subsequently, the droplet contracts causing its outer edge
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Fig. 7.35: Ferrocene dissolved in 1-decanole covered the individual CNTs as a thin
layer. Image taken from [143].
Fig. 7.36: The results of the interaction of the CNT array with diiodomethane;
trenches and holes are visible. Image taken from [143].
to move from the substrate’s edge towards its centre. The solution stays
saturated at the outer edge and the dye precipitates homogenously during
the further contraction until the droplet is fully evaporated. In order to
obtain a homogenous layer and constant thickness of the dye-CNT forest
composite, the following parameters have to be correctly matched:
• solution dye concentration,
• amount of solvent,
• substrate size, and
• CNT forest length.
In order to determine the correlation of the aforementioned four parameters
the mass of the resulting layer has to be taken into account. It can be
calculated by
m = ρdye · V, (7.17)
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Fig. 7.37: A thick cover layer is formed by the introduction of CuPc-DMA dye
in the diiodomethane solvent. This reduces the amount of trenching.
The partial infiltration of the array and concentration gradients generate
zigzag shaped CNT arrangements. Image taken from [143].
where m is the mass of the dye layer on the substrate, ?dye the specific
density of the respective dye and V the volume of the layer. This can be
further broken down into
m = ρ · l · b · h, (7.18)
where l, b and h are the length of the edges of the formed layer (see scheme
in Figure 7.48). The layer is formed by the evaporation of the solvent from
the deposited droplet. Therefore, the mass deposited corresponds to the
amount of solvent (V) dropped on the substrate and its dye concentration
(c).
m = c · Vliquid (7.19)
Combining this with equation (7.18) gives
c · Vliquid = ρ · l · b · h. (7.20)
homogenous layer thickness was achieved equation (7.20) can be written as
h =
c · Vliquid
ρ · l · b (7.21)
For this equation to be applicable to the produced composites two corrective
factors have to be taken into account:
• volume of va-CNT on the substrate and
• volume of oversized dye layer on the substrate edges.
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Fig. 7.38: Influence of water-methanol (2:1)wt.% on the va-CNT array. Image taken
from [143].
Fig. 7.39: CuPc-TS dissolved in water and methanol (2:1wt.%, respectively). The
solvent mixture causes a texture and dye layer deposition process. These
processes could be caused by poor wetting and bad evaporation behaviour
of the solvent mixture although the pure solvent wets well.
These corrections give:
m = ρ · Vdye layer +mva−CNT −mlayer oversize atmargin, (7.22)
whereas the mass of the CNTs, mva−CNT , has to be add up (as they fill
the homogenous composite layer) and the mass of the layer oversize at the
substrate’s edge,mlayer oversize atmargin, has to be subtracted. On the basis of
the density of the va-CNT array, determined to be d = 108−1010CNT/cm2,
and total forest size the CNT correction factor can be estimated to be
mva−CNT = d · A · lva−CNT · ρCNT . (7.23)
The second corrective factor can be obtained optically from SEM images
(see Figure 7.49). The rampart at the substrate edge was typically 200µm
long with a largest thickness of 5.4µm. The thinnest end of the rampart had
a thickness of 1.7µm (normal film thickness). This shape was approximated
by a V-block (prism), see Figure 7.50. The mass was calculated from the
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Fig. 7.40: Infiltration result when using chlorobenzene as the solvent. The macro-
scopic vertical alignment of the CNT is destroyed. Image taken from
[143].
Fig. 7.41: Infiltration results of CuPc-DMA dissolved in chlorobenzene. Poor layer
forming ability of the small molecule dye occurs. Image taken from [143].
multiple of the cross-section area with the length of respective substrate
edge and specific density.
mlayer oversize atmargin = ρdye ·A·l+ρdye ·A·b = ρdye · z · c2 ·2·l+ρdye ·
z · c
2
·2·b.
(7.24)
The correlation between the solvent parameters, dye concentration, sub-
strate area and CNT height can be, thus, expressed as
c·Vliquid = ρdye·l·b·h+d·l·b·lva−CNT ·ρCNT−
(
ρdye · z · c2 · 2 · l + ρdye ·
z · c
2
· 2 · b
)
.
(7.25)
Solving equation (7.25) to give the dye layer height, h, on the substrate of
the composite with the va-CNT forest yields
h =
c · Vliquid − d · l · b · lva−CNT · ρCNT +
(
ρdye · z·c2 · 2 · l + ρdye · z·c2 · 2 · b
)
ρdye · l · b
.
(7.26)
The accuracy of the fit of equation (7.26) depends on the used dye and
solvent combination. In particular, for CuPc based dyes the layer building
process was highly sensitive to the CNT height and match in the dispersive
and polarity rate of surface tension and solvent. Small molecule dyes showed
poor layer building properties in comparison with the polymers.
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Fig. 7.42: Infiltration results of toluyene red dissolved in chlorobenzene. Toluyene
red covers single CNT. The cover layer is extremely thin. Image taken
from [143].
Epoxy resin
The infiltration with epoxy resin is used to rip the va-CNTs off the substrate
after having cured the resin. This facilitates the deposition of an electrode
onto the bottom side of the ripped off va-CNTs. These va-CNTs are then
stuck on a substrate. Figure 7.52 shows the infiltrated va-CNTs before and
after being ripped off the substrate. For further processing the epoxy resin
should be removed. Then the va-CNT array should be infiltrated with dye
and a transparent top electrode should be deposited onto the top. This
procedure failed due to experimental difficulties by ripping the va-CNTs off
the substrate. The epoxy resin tend to break into indefinable pieces. This
made a further processing impossible.
7.4.5 Infiltration via plotting
The device used for the infiltration of the CNTs with a plotting method was
a nanoplotter from GeSim. This plotter can dispense droplets from 2pL up
to 15nL in volume. In order to achieve these small volumes a piezoactuator is
embedded in the glass tips. This presses the droplets out of the tip according
to the adjusted frequency. A pattern overview is given in Figure 7.53. The
plotting area is divided into a matrix of single points. Each point represents
one plotted droplet. The frequency and the density of the droplets can be
adjusted, such that the layer thickness can be controlled. The density of
points determines the amount of solvent plotted on the area. Moreover, the
plotting regime can also be adjusted, such that the chronological order of the
plotted droplets can be set. Examples of two different plotting regimes are
shown in Figure 7.53. Due to the wetting properties of the liquid the droplets
spread over the va-CNT array (not shown in Figure 7.53). In order to
accelerate the drying process of the plotted droplets the substrate was heated
up in-situ to 80◦C - 120◦C. This allowed the sample to be annealed during
the printing process. The merging of single droplets is shown in Figure 7.54.
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Fig. 7.43: Infiltration results of ferrocene dissolved in chlorobenzene. Ferrocene
forms a good composite matrix with the va-CNT. Formation of a ho-
mogeneous layer thickness failed. The thickness varied from 1µm-3.5µm.
Image taken from [143].
The driving forces of the droplets to merge were strong enough to merge
even when the droplets are plotted at 100◦C. Different plotting regimes
yield different layer structures as shown in Figure 7.55. The composite layer
of PCBM:P3HT plotted on heated substrates (100◦C) yield optically same
layers as plotted under room temperature 7.56. The va-CNT array was
also infiltrated by plotting. Figure 7.57 shows the plotted layer. A defined
area of the va-CNT array can be infiltrated by plotting as shown in Figure
7.57. Less amounts of plotted ink yields an inhomogeneous layer at the edge
of the plotted area. The small grains between the large grains originate
from phase separation of PCBM and P3HT, when the substrate has been
annealed. These grains occur, when being poorly dissolved in the solvent,
if these grains occur without an annealing treatment. Hence, the origin of
these grains cannot be determined explicitly as the grains in Figures 7.55
and 7.56 appear the same.
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Fig. 7.44: Infiltration results of P3HT dissolved in chlorobenzene. A non- porous
layer with a good thickness homogeneity was achieved. Good vertical
alignment preservation was also gained. The solvent chlorobenzene is
the best solvent for the infiltration. Together with P3HT an excellent
layer is formed. Image taken from [143].
Fig. 7.45: The results of wetting with chlorobenzene and trifluoroacetic acid in a
1:1 wt.% ratio. Image taken from [143].
Fig. 7.46: Protonated CuPc was observed to precipitate on top of the array. A
flaky layer appears. Although the solvent spreads over the va-CNT, the
precipitated CuPc does not form a composite layer with the va-CNT
forest. Image taken from [143].
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Fig. 7.47: The droplet contracts due to solvent evaporation (a-c).The dissolved dye
precipitates and form a thicker layer at the substrate’s edge followed by
a homogenous layer size over the rest of the substrate.
Fig. 7.48: Scheme of the formed composite layer.
Fig. 7.49: Edge region on the wafer of infiltrated va-CNT forest substrate. The
dye forms a rampart leading to a mismatch of concentration and layer
size. Therefore, a correction for this has to be introduced. The rampart
is around 200µm long, the thickest part is 5.4µm and the homogenous
layer thickness is 1.7µm.
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Fig. 7.50: The cross section area is approximated by a triangle, see (b), spanned
by a) the difference in initial and final layer size, z, and b) the length of
the rampart, c. The whole volume is obtained by multiplying the cross
section by the length of the outer edge of the wafer, l.
Fig. 7.51: Top view of infiltrated va-CNT forest. Image taken with an incident light
microscope.
Fig. 7.52: Infiltrated va-CNT array with epoxy resin. a) top view of the array.
Single CNT tips stick out of the surface. b) bottom view of the infiltrated
va-CNT array. The array was ripped off the substrate. The bottom tips
of the va-CNTs are visible. None of them stick out of the surface.
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Fig. 7.53: a) Scheme of used (pico- and nano-litre) glass tip of nanoplotter. b) and
c) two different plotting regimes used for adjusting the layer thickness.
Fig. 7.54: Droplets of PCBM:P3HT printed on glass by a nanoplotter. Left: mesh-
grid plotting regime at room temperature. Right: printed droplets have
merged.
Fig. 7.55: Printed stripes of PCBM:P3HT on glass by a nanoplotter. Left: Several
individual stripes forming one film. Middle: magnification of left. Grains
are visible in the polymer matrix. Right: magnification of middle. The
In between the large grains small grains occur.
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Fig. 7.56: Printed stripes of PCBM:P3HT on glass by a nanoplotter. Left: Several
individual stripes forming one film. The droplets were printed closer to
each other compared with the printing regime shown in Figure 7.55. The
substrate was heated to 100◦C during plotting. Right: magnification of
the image shown on the left. Grains occur in the film.
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Fig. 7.57: Droplets of PCBM:P3HT printed on va-CNT array by a nanoplotter.
Left: homogeneous layer plotted at 100◦C. Middle: magnifications of
left. Right: Less amount of plotted ink yields an inhomogeneous layer at
the edge of the homogeneous layer.
7.5 Potential device
"For appropriate infiltration parameters, a homogenous smooth composite
layer of the dye and CNT array was achieved, with homogenous vertical
alignment of the CNTs and a dye cover layer over the entire substrate" [143]
(Figure 7.58). However, in order to turn these layers into useful organic solar
cell devices the addition of electrical contacts is necessary. The conductive
but non-transparent TiN layer serves as the bottom electrode. Consequently,
the top electrode has to be not only conductive but also transparent. "Fur-
thermore, the deposition technique for the top electrode has to be gentle in
order to protect the organic composite layer." [143] This prohibits the use of
high energy methods such as sputtering. In this work both thermal evapora-
tion and printing technique were tested. As a result, all these requirements
are met by choosing Pedot:PSS. The composite thickness from the tips of
the CNTs to the counter electrode have to be in the range of 100-200nm in
order to take into account the limitations imposed by the high absorption
coefficients of organic dyes. The match of dye concentration, substrate area
and layer size yield 1mm2 of va-CNT array has to be wetted by 0.6µL sol-
vent with dye concentration of c=12.5mg/mL for the layer shown in Figure
7.58.
7.5.1 Characterisation
The Measurement of the CNT-TiN interface was done under room temper-
ature. A round electrode of copper with a diameter of 3mm was put on
the tip of a micrometer test prod. Conductive silver lacquer was add to
improve contact of copper and prod. The copper was cleaned with acid to
remove impurities. The copper electrode was placed with the adjustment of
micrometer screws. Conductive AFM measurements were done to prove
these macroscopic results on a microscopic scale. The I-V characteristics
of the prepared va-CNT solar cells via infiltration with different dyes imply
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Fig. 7.58: "FIB slice of CNT array infiltrated with P3HT for a perfect match of
infiltration parameters. The brighter stripes represent the CNT array.
Light particles are catalyst residuals." Image and text taken from [143].
that different devices are finally made by the same preparation method. The
different types of devices are resistors, diodes, backward diodes and proof of
principle of organic solar cells. The graphs axes are scaled in the typical way
for organic solar cells, which means the y-axis corresponds to the current
density S.
7.5.2 Solar cells
According to the structure given in Figure 7.58 the layer thickness fits and
the electrical measurements give a clear solar cell response. The band dia-
gram of the va-CNT solar cell is shown in Figure 7.61. Although the short
circuit current density is small (Jsc = −6.85·10−4mA/cm2), the open circuit
voltage reaches Voc = 157mV . This is pretty enough to prove the principal
214
Vertically aligned carbon nanotube solar cells 7.5 Potential device
-0,15 -0,10 -0,05 0,00 0,05 0,10 0,15
-0,001
0,000
0,001
 I
 R
U [V]
I [
A
]
-20
0
20
40
60
80
100
120
140
 R
 [
]
Fig. 7.59: Resistance of CNT-TiN interface. The average resistance equals 126.5Ω
(standard deviation σ = 3.74).
Fig. 7.60: Resistance of CNT-TiN interface. Three measurements were done using
a copper electrode. The diameter of the electrode was 11mm2. a)-c)
Different results were obtained due to different contact formation of CNT
array and copper electrode.
functioning.
Effective area adaption
Due to the large absorption coefficient of α = 105cm−1 the penetration depth
of incident light is 100nm-300nm. Film thicknesses larger than 300nm act as
optical filter, because the light is completely absorbed. The film thickness
which covers the infiltrated va-CNT array from the CNT tips to the top elec-
trode varies from 150nm-800nm. Subsequently, the parts of the infiltrated
va-CNT array which are covered with a dye layer larger than 250nm are
shadowed. These parts do not contribute to the photovoltaic active area.
Figure 7.63 shows the active area adjusted I-V characteristics. Subtracting
the inactive areas from the active areas yields corrective factors, K1,K2.
The effective areas are three to four magnitude of orders smaller than the
original area, which is the area of the top electrode. Figure 7.64 shows the
active area marked with black rectangles. Two different assumptions of pho-
tovoltaic active areas have been done. These assumptions yield two different
corrective factors, K1,K2. The corresponding efficiencies, fill factors, open
circuit voltages, and short circuit current densities are listed in table 7.4.
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Fig. 7.61: Scheme of the band diagram of the va-CNT solar cell. The work func-
tion of the CNTs is assumed to vary in the range reported by literature.
PCBM was added to enhance homogeneous layer formation. Addition-
ally, the PCBM enhances the exciton dissociation. Dissociated charge
carriers are expected to hop from the PCBM onto the CNTs. The work
function of the CNTs is in the range from 3.75eV-4.8eV as reported by
literature. The different energy levels of their work function are indicated
by solid lines within the blue rectangle.
7.6 Summary
The va-CNT was purified using a gas phase method. This method preserves
the vertical alignment of the CNT forest. The va-CNT array was treated
by oxygen plasma. This yield to the carbonylation of iron catalyst due to
the presence of carbon monoxide. Carbon monoxide is a byproduct of insuf-
ficient carbon oxidation during the plasma treatment. The purified va-CNT
array was plasma-assisted functionalized. Fluorine atoms were covalently
bonded to the CNT by NF3-plasma. A wetting study of a va-CNT array
was presented. Different infiltration techniques were studied and a homoge-
neous infiltration of the va-CNT forest achieved. Prototypes of organic solar
cells made of the va-CNT forest were fabricated and analysed.
216
Vertically aligned carbon nanotube solar cells 7.6 Summary
-0,3 0,0 0,3 0,6 0,9 1,2
0,000
0,005
0,010
0,015
0,020
S
 [m
A
/c
m
2 ]
U [V]
0 0,1 0,2 0,3
-0,0006
-0,0004
-0,0002
0
0,0002
0,0004
0,0006
0,0008
0,0010
0,0012
 2011_02_17_13_1_hell
 2011_02_17_13_1_dunkel
S [mA/cm2]
U [V]
Fig. 7.62: J-V characteristics of a P3HT:va-CNT organic solar cell. Left: full
graph of J-V characteristics, where black corresponds to dark con-
dition and red represents under illumination. Right: magnification
around the origin. The characteristic values are: VOC = 0.157V ,
JSC = −6.85 · 10−4mA/cm2, FF=0.27, η = 2.89 · 10−5%, Rs = 859Ω,
Rsh = 17722Ω, n=2.89.
Fig. 7.63: J-V characteristics of a P3HT + va-CNT organic solar cell after cor-
rection of the effective area. a) J-V characteristics with adjustment of
K1 = 0.0063. b) J-V characteristics with adjustment of K1 = 1.73 ·10−4.
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Fig. 7.64: J-V characteristics of a P3HT + va-CNT organic solar cell. The active
areas are indicated with black coloured rectangles. a) the corrective
factor equals K2 = 1.73 · 10−4. b) more areas have been assumed to
be photovoltaic active due to fuzzy cover layer thickness and va-CNT
heights. The corrective factor equals K1 = 0, 0063.
sample FF Jsc [mA/cm2] Voc[V] η[%]
va− CNT as-is 0.27 -0.000685 0.157 0.0000289
va− CNT K1 0.27 -0.108 0.157 0.0046
va− CNT K2 0.27 -3.96 0.157 0.167
Tab. 7.4: Overview of the characteristic values of the va-CNT solar cell with dif-
ferent corrective factors. These factors adjust the difference between the
electrode areas and effective photovoltaic active area. The values of the
factors are: K1=0.0063 and K2 = 1.73 · 10−4.
218
8. CONCLUDING REMARKS
8.1 Conclusions
The results reported and discussed in this thesis confirm the capability to
fabricate organic solar cells can be fabricated by using the combination of
CNT and an organic absorber, which enhances absorption of light in the
visible range. The absorption properties and energy levels at the various
interfaces yield diverse current current density-voltage (J-V) dependencies.
Thus, organic solar cells with efficiencies of up to 1% were produced. In the
current work, different dyes and acceptor material combinations were inves-
tigated for their performance. For such investigations devices with different
architectures were fabricated and studied. The solution processed solar cells
were annealed in order to optimize layer morphology.
The small molecules of CuPc and its derivatives showed different layer build-
ing properties by spin-coating technique as the polymer P3HT. The CuPc
tends to form crystallites which greatly improves the transport properties
for charge carriers due to the periodic lattice structure. It was found that
for a larger number of crystal grains within the layer there was an increase
in the series resistance in the layer due to the increased number of grain
boundaries. This corresponds well with the literature, [263]. Best device
performances were achieved from devices built with P3HT.
The surface roughness of the devices, as analyzed on AFM, is RMS=0.105µm.
The height of the va-CNT forest varies about ±0.5µm along the length of
the substrate - confirmed with FE-SEM. Thus, the CNTs of the va-CNT for-
est are not of equal length. The va-CNT array has regions where super-long
CNT bundles either stick out above the surface or alternatively, the array
exhibits regions with super-short CNTs. These regions appear as "holes"
from the top view of the CNT forest forest shown in Figure 7.3. This causes
a lot of difficulties when fabricating working devices because constant layer
thicknesses are crucial for organic solar cells. The device performances vary
extremely - up to several percent - due to layer thickness variations of a few
tens of nanometres.
The va-CNT array are purified from catalyst residues (i.e. iron) through a
process of plasma assisted oxidation. During the plasma treatment carbon
monoxide is created. This carbon monoxide triggers a carbonylation. The
carbonylation transforms the solid iron into a gas phase. EDS and TEM
measurements were used to confirm the absence of iron within the va-CNT
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sample after the plasma process .
The wetting studies revealed a variation in the surface energy of the synthe-
sized va-CNT forests and an influence of the polar-dispersive ratio of the
used solvent on the layer building process. The infiltration studies showed
the influence of the composition of the solvent and dye on the resulting com-
posite layer. Aqueous mixtures of solvents cause a collapse of the vertically
alignment of the CNT forest. A mixture of water and methanol induces a
ruptured layer, which is full of trenches (see Figure 7.24). Furthermore, the
CNT-dye composite locally forms a button-mushroom shape. The va-CNT
wetting behaviour occasionally varied between samples, despite there being
no change in all the infiltration parameters such as type of dye, concentra-
tion, solvent and atmosphere. These differences appear due to variations in
the process parameters during the pe-CVD synthesis of the va-CNT forests.
These variations are not optically visible but AFM measurements can reveal
these differences in sample homogeneity (see Figure 7.3).
Partial wetting occurs if pure distilled water is used as the solvent. The
precipitated dye formed a thin layer on top of the va-CNT array. Only the
tips of the CNTs are wetted by water. The dye layer did not penetrate the
forest further than the wetting depth.
The ultra hydrophobic surface of the va-CNT arrays can be infiltrated only
with certain solvent-dye combinations whilst preserving the vertical struc-
ture of the array. The various solvents have a differing degree of polarity. It
is the particular combination that determines the wetting regime. Variations
in the homogeneous CNT forest height neither interfere with the wetting be-
haviour nor influence the changes in the vertical alignment of the CNT due
to the wetting process. The wetting regime is either heterogeneous or homo-
geneous. Wetting the va-CNT array by water stays heterogeneous as shown
in Figure 7.21. The dried dye formed a film which supported each single
va-CNT in the horizontal direction and, thereby, suppressed the collapse of
the structure. The films produced in this study stayed homogenous.
The wetting of different solvent dye combinations on CNT arrays was in-
vestigated. In some case the choice of solvent-dye combination can modify
the alignment of the CNT array. Combinations can be found where CNT
array alignment is preserved, or trenches, zigzag and mushroom profiles are
formed. The wetting of water on va-CNT is heterogeneous (Cassie-Baxter
regime) which causes, for instance CuPc-TS, layer to reside on top of the
array. In this case full infiltration can be achieved by the addition of sur-
factants. Less polar solvents yield a reduced wetting affinity. Several dyes
such as CuPc, CuPc-DMA, CuPc-TS, toluyene red, ferrocene and P3HT
have been studied. The polymers showed much better layer building prop-
erties in comparison to the small molecule dyes. The optimized values for
dye concentration with respect to wetted substrate area were found to lie
in range of 10mg/mL and 1µL/mm2. Fully infiltrated smooth layers were
obtained and incorporated into a functional device assembly which included
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a substrate, back electrode, blocking layer and top electrode.
The CNT array grown on TiN are very sensitive to synthesis parameter vari-
ation. In order to synthesize an array of height 100-300nm short synthesis
times should just be needed. However, the synthesis either resulted in no
CNTs or their average length was 1-1.3µm. CNTs grown on Al2O3 does not
have such a sensitivity like TiN. Hence, they could be synthesized in the
desired range. However, the infiltrated CNT array must separated from the
substrate after the infiltration process in order to deposit a bottom electrode
contact for the CNTs, because Al2O3 is an insulator. The actual approach
used was:
• infiltrate the CNT array,
• deposit a top electrode on it,
• cover the CNT-dye composite with a cover material (for structural
reinforcement),
• separate the CNT-dye composite from the substrate (structural cohe-
sion of the composite is maintained by the cover material), and
• add a bottom electrode.
In some instances, this failed in some sense because the mechanical cohesion
of the CNT-dye composite covered with epoxy resin could not be maintained
for a sufficient sample size. Nevertheless, in principle, an infiltrated CNT
array can be covered by a transparent epoxy resin and separated from a
silicon substrate.
Infiltration of the va-CNT array could not be achieved by thermal evapo-
ration. The va-CNT substrate could not be heated up during the thermal
evaporation of the dye (CuPc). This caused there to be a big temperature
difference between the temperature of the sublimated dye (around 400◦C)
and the substrate (estimated to be slightly higher than room temperature).
The dye, in the study only CuPc, immediately condensed for this reason on
top of the surface of the CNT array, and crystallized there. Furthermore,
due to the uncontrollable va-CNT synthesis the array contains regions where
some CNTs are much shorter than their neighbouring CNTs. This appears
macroscopically as holes of several microns in diameter on the surface of the
array. These holes are not filled with dye sufficiently during the evaporation
process. Consequently, these non-coated regions cause short circuits when
the transparent top electrode is deposited onto the CuPc layer. These short-
circuited devices cannot work as organic solar cells (OSCs).
The va-CNT array could be infiltrated with different dyes. The layer homo-
geneity depended on the structure of the dye (small molecule or polymer,
planar or spherical) and its affinity to retain its initial form (powder) instead
of remaining as a homogeneous layer. The infiltration of the array was made
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either by drop coating or printing. Drop coating yielded good homogeneous
layers when a small amount of PCBM was added to P3HT. The PCBM acts
as a lubricant as its football like molecular shape makes it easy to rotate.
Consequently, it can act as a "ball bearing" for the polymer P3HT during
the drying process and reduce the mechanical stress in the final layer.
Only the outer sidewall of a CNT is chemically functionalized with NF3-
plasma. In this case the outermost sidewall of every MWCNT is functional-
ized. All pristine MWCNT are known to be metallic due to either interwall
interactions or to at least one of the tubes (of the interlaced tubes, which
form the MWCNT) being metallic and electrically connecting the ends of
the MWCNT. If the latter assumption is true, MWCNT are not metallic in
nature. Only the outermost sidewall of every CNT forms the heterojunction
with the surrounding dye. As a consequence the possible energy yield of the
heterojunction interface of the semiconducting CNT and dye is significantly
increased by the fluorination with the NF3.
The observed contact angle of the infiltrated va-CNT array shown in Fig-
ure 5.10 fits well with the contact angle of a single CNT reported in the
literature by [227]. The surface energy of a single CNT was calculated to
be γCNT=24.4mN/m, with a polarity p=0.22. The polar surface energy
equals γps=5.4mN/m. Hence, the dispersive fraction of the surface energy
γps=19mN/m. The absolute value of the surface energy of a CNT found in
this study agrees closely with that of graphite. The same is also true for the
polarity.
CNT dispersion appeared to be a major challenge without the addition of
surfactants. Strategies to add functional groups or single atoms to the CNT
sidewall, which are known to change the CNT from being super-hydrophobic
to a more hydrophilic state, were investigated. MWCNTs were much more
easily dispersed in different liquids than SWCNTs. All dispersion related
functionalisations seemed to work better for the MWCNTs. The improve-
ments of the dispersing properties were more significant for MWCNTs in
the various tested aqueous and organic solvents. As a result the SWCNTs
were much more difficult to disperse. The reproducibility of the functional-
isation with regard to comparable results was a hard task. The only way
to achieve this was by increasing the tolerance towards the dispersebility,
although UV-vis data proved similar results for CNT concentrations of dif-
ferent CNT dispersions.
The introduction of the CNT into the organic matrix in an OSC device
causes in some cases a plateau in the first quadrant of the J-V dependency.
In this case the device is working as a tunnel diode. The CNTs influence
the band alignment of the device, which allows the electrons to tunnel back-
wards. This results in a decrease in the current and the knob shape forms
in the J-V curve.
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8.2 Outlook
In the light of the results of the investigations undertaken in this work several
further studies are suggested. The influence of the SWCNT length on the
CNT dispersion should be investigated. The dispersion properties showed
to depend much on CNT length. Short CNT are even disperseable in water,
[264] and [265] (additionally, an oxidation treatment was made prior to the
dissolution).
Infiltrated CNT arrays have the potential to be applied in organic solar cells
as part of an ideal bulk-heterojunction cell structure, where the CNT pro-
vides the acceptor and the dye works as the donor. In order to achieve an
idealised architecture the top layer thickness still needs to be reduced, the
work function / ionization energy of the CNT has to be tuned, and arrays
of purely semiconducting CNT should be used, if there availability is ever
achieved. Infiltration of the dye in the CNT array is not the limiting process
step. Only the purity of the layers is expected to be the main issue once the
previously listed factors have been optimized.
The CNT array can be infiltrated with various soluble materials. By using
different functional fillers the CNT structures can also be applied to sensory,
Organic light emitting diodes (LEDs), or other nanostructured functional
devices.
Generally, the CNT forest can be infiltrated via evaporation of the source
material [266]. The temperatures of the evaporated source material and the
substrate (the CNT forest) have to be the same, or close to each other. This
is necessary to suppress the dye to condense on the top of the CNT array.
Subsequently, the infiltration via thermal evaporation can be achieved using
substrate heating.
The electrical transport properties of the CNTs are based upon their delocal-
ized π-system. This delocalized π-system exists due to covalent bonded car-
bon atoms as described in chapter 3. E.g., for transparent electrodes CNTs
are spin coated onto a glass substrate. These thin films of CNTs have sheet
resistances in the range of 1 · 102Ω. These relatively high sheet resistances
exist, because the π-systems of the single CNTs do not overlap well with
each other, resulting in high resistances for charge carriers travelling from
one CNT to another. Subsequently, the π-systems of neighbouring single
CNTs have to be bond chemically with alternating sp1- and sp2-hybridized
carbon bonds to create one large π-system spread over several single CNTs.
This can be achieved with acid-base and plasma treatments, or with combi-
nations of both treatments.
CNTs can be used as sensors as well. Their application as chlorine sensor
looks prospering. First prototypes have been manufactured already, [267],
and [268]. Consequently, CNTs can be applied as low-cost alternative chlo-
rine sensors for isolated application for water purification, because commer-
cial sensors cost about 150e and have to be changed after an operation time
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of six month.
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